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Overview

The study object of this Thesis are biomolecular (proteins, oligonucleat@edlayers formed on
synthetic organic (silane) films that modify model silicon (§iSizN,4) surfaces identical to these used in
biosensor transducers. The aim of this Thesis is micro- and specip@&satalysis of the structure and
properties of biomolecular nanolayers relevant for biosensor applisatio particular, the issue of silicon-
transducer functionalization with different sensing biomolecules (prqteligonucleotides) is extremely
important to increase biosensor specificity, selectivity and sensitivity.

Biosensors become very popular and important research field camgdabrication of devices to
diagnose early onset of human diseases, paving the way for advangessonalized health care. Brief
description of biosensors and different methods of biomolecules immobilizatpresented irChapter 1.

The process of biosensors surface preparation is mostly a multistepdprecexploiting different
reagents and biomolecules. Variety of used materials influence not ongnisimsspecificity but can also
decrease nonspecific interactions, responsible for false positiuttsite3 herefore, exact surface analysis
is important to understand biomolecular immobilization and subsequent biomaleletéection. To this
end different scanning probe microscopic methods such as Atomic Famreddopy (AFM), Near-field
Scanning Optical Microscopy (NSOM) and spectroscopic methods - TiArdight Secondary lon Mass
Spectrometry (ToF-SIMS), X-ray Photoelectron Spectroscopy (>#P8)Angle Resolved XPS (ARXPS)
have been implemented to analyse a model biosensor surface. Detailemhexpal background of this
Thesis is specified i€hapter 2.

Initial step to prepare biosensor surface typically involves modificationliobs-based transducer
to increase biomolecules immobilization. The most common method to obtain suitabladetbgtween
biomolecules and silicon surface is silanization. The results presen@thipter 3 compare surface modi-
fication with two different silanes, namely (3-Aminopropyl)triethoxysilan®TAS) and (3-Glycidoxypro-
pylhtrimethoxysilane (GOPS). Different end groups of synthetic orgims formed by GOPS and APTES
silane enhance chemisorption or physical adsorption, respectivdligroblecules to the silanized silicone
surface.

Silicon-based model biosensors surfaces with protein/amino-orgareysilaon structure have been
examined after each step of preparation: a) modification with APTES; Ilefiunalization with rabbit
gamma globulins (IgG); c) blocking the free sites with bovine serum albumiYBS well as after im-
munoreaction with antibody. Obtained microscopic (surface features¥martroscopic (surface protein
density) results as well as systematic analysis of multicomponent biosensmesuare described @hap-
ter 4.

Changes in both the size of surface features and amount of immobilizedhgrobserved after im-
munoreaction (presented {Dhapter 4) motivated an extension of these studies to model immunoassay
described inChapter 5. The biosensors surface was functionalized with two different (rajybihouse)
gamma globulins and after blocking procedure (with BSA) reacted with complamyeani-lgG at various
concentrations ranged from 0.3 to 330 nM.

Finally, several micro(spectro)scopic methods have been applied to @ghishe optimization of
immobilization protocols used to attach indirectly oligonucleotide probes to biosensfaces with the



usage of biotin-streptavidin system. In particular, four different aggmes to immobilize oligonucleotides
on silicon surfaces (Sigsilanized with APTES) have been examined. Implemented experimental methods
not only pointed to the most effective protocols to immobilize oligonucleotideqwdinit also allowed for
an insight into multi-molecular overlayer composition. These studies areiloedan details inChapter 6.

The results presented in this Thesis correspond to biomolecular narsotaysynthetic organic films
that have been used in universal bioanalytical lab-on-chip platformHRX, fabricated within the FP7
project (2008-2012) “Monolithically integrated interferometric biochiPsl&bel-free earlY deTection of
Human diseAses”.
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Chapter 1

Introduction

1.1 Biosensors: principles and properties

Recently, the demand for fast and accurate measurements using small volubigchemical sam-
ples has been a driving force for construction of biosensor. Bioséna device which transforms biological
or chemical information into a usable output signal. The basic conceptiogarisor, which combines bio-
chemical components with a physical element, is similar for all constructionsré=igl). Each construction
consists of two major elements.

Analyte

biochemical
recognition

biomolecular sensing layer

transducer

\

measurable output signal

Biosensor

Figure 1.1: Schema presenting the basic concept of a biosensor.

The first element is a layer of biomolecules which recognizes and detectsabence or activity
of target analyte in tested sample. As a recognition element proteins (fonpéxa&nzyme or antibody),
oligonucleotides or even living cells are used. Biomolecules in sensingdafiee what kind of molecules
will be detected. Therefore, biosensors are widely exploited in suels aelife sciences, medical diagnos-
tics and food, environmental or drug screening. They also have Issehfar military applications for the
detection of harmful and dangerous substances [1]. What is mopanaten of a biomolecular layer is the
crucial step for selectivity and specificity of biosensor.

The second element is a transducer responsible for the conversiamch&mmical recognition event
into measurable output signal. Biochemical interaction in sensing layer ic#sd¢ransducer physical prop-
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erties, for example refractive index, conductivity or mass. Theretlepending on transducer properties an
optical, electrical or mechanical output signal can be measured.

In some classes of biosensors molecules have to be labelled to enable theliode To this end
e.g. fluorescence or radioactive tags are attached to the target maoleduafestunately, during labelling
procedure target molecule can be modified and its activity might be chafigeztefore, very important
class of biosensors is label-free sensors. Label-free sensooslgatetect unmodified molecules but also
enable real-time detection.

Constant research in biosensor field focuses on the fabrication of anibfiortable devices capable
of detecting “on-line” small amount of analyte in the sample. Moreover, éarthiniaturization leads to
construction of fully integrated systems called lab-on-chip. Another impbgiaal is that cheap and user-
friendly devices could be applied in every diagnostic centre or evewvately owned praxis. Consequently,
it will enable not only fast diagnosis but also a screening of patients wifgpbeir genetic profiles. The
most popular constructions of label-free biosensors utilizing differatpgu signals are briefly described
below.

Surface plasmon resonance biosensor

Surface plasmon resonance (SPR) is one of the most popular sensingisnafimied in biosen-
sors [1-3]. Typical SPR biosensor consists of a metal layer (typicalt}) geposited on glass and placed
into water. Metal surface immersed in water is functionalized with detecting mekctlihe whole system
is illuminated through the glass by a laser. The laser beam incident on metalftetrce is reflected and
the light intensity is measured. At characteristic angle (resonant anglekitytef reflected light drops re-
markably, what is caused by generation of surface plasmons (electnetiagaves which propagate along
metal/dielectric interface) on the metal/water interface. The resonant anglernstaon of the dielectric
constant in the region near the interface. Binding events on sensing lanetify the dielectric constant
and thereby resonant angle is shifted. By monitoring the intensity of lighthadges of resonant angle
guantitative information about presence and concentration of dete@gdeacan be obtained.

Interferometric biosensor

Interferometric biosensor is another example of an optical sensor. Iy oczeses they are based on
Mach-Zehender interferometer (MZI) [4, 5].

MZI biosensors consist of optical waveguide divided into two arms waftier a certain distance,
merge and form one output optical waveguide. One of the arms is funkziedavith sensing molecules
(sensing arm) and exposed to the surrounding medium. The second orefasemce arm and is covered
with a protective layer. Light beam injected to a waveguide splits into two armhgheninterference be-
tween light coming from both arms is observed due to phase shift. Partlajhihevhich travels through the
waveguide, extends to the medium and forms so called evanescent fieldblBaular recognition on sens-
ing arm modulates evanescent field what induces phase shift betweebdaghs traveling in both sensing
and reference arms. Measured interference signal enables detmutigmovides quantitative information
about target analyte.
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Cantilever biosensor

Cantilever biosensor is an example of a mechanical sensor [6, 7]. dtstemf array of cantilevers
which have only one side functionalized with recognition molecules. Due to itiding of detected
molecules to the sensing surface intermolecular forces arise and indd@eesstress. Mechanical stress
in the surface leads to a contraction or expansion of the sensing suAaaeresult cantilever bends and
deflects because the stress acts only on the one side of the cantilever.

In addition, detection method based on changes of resonant frequiecemytibever (resonant-mode)
can be applied [8]. Cantilever which can be treated as a harmonic oscillakmitisceclose to its resonance
frequency. Resonant frequency of harmonic oscillator dependsoordpring constant and effective mass.
During binding target molecule mass and its distribution along the cantilevegebamd as a result resonant
frequency is shifted to lower values.

Bending or oscillation frequency changes of the cantilever can be neghgsing an optical beam de-
flection similar as in AFM technique (see 2.2.1) and yield information abouépoesof analyte in measured
sample.

Field effect transistors biosensor

Biosensors based on field effect transistors (FET) are an examplectrioehemical sensors [9, 10].
Especially organic thin film transistors (OTFT) are promising for applicatioohiemical and biological
sensing. OTFT consists of three metal electrodes (gate, drain ane)yauthin film of organic semicon-
ducting material and an insulator layer. Different geometries can be utilizbmbg&ensor. In OTFT with
bottom-gated geometry (an insulator layer separates gate from organi¢rthiarfjanic layer [11] or source
and drain electrodes can be used as sensitive layer [12]. Charggrs@ibin voltage-current characteristics
of OTFT show effective detection of biomolecules.

1.2 Modification of silicone based biosensor transducer with organic films

Silicon-based materials like glass, silicon nitride or pure silicon have beernyweégploited in fab-
rication of biosensors. Many different architectures including nareyér10], microcavity [13] or can-
tilevers [6] have been implemented in construction of different types oEhix.

The interface between biomolecules and biosensor transducer is ofl énifzartance in developing
effective diagnostic tool. In many label-free biosensors sensing lagaiotbe in close vicinity of transducer
surface, because small changes of physicochemical propertiets dioeecognition event, can be detected
only within a few nanometers. In addition, the surface of biosensor tuaesdas to be biocompatible.
Therefore, surface of silicon-based transducer is mostly modified wittheiic organic films to provide
a suitable interface between transducer and immobilized biomolecules. Suchnidonporate specific
groups and change the physicochemical properties of surface to fronroobilization of biomolecules via
physical adsorption, covalent bonding or specific binding (see Sett&)nMoreover, intermediate organic
layer acts as a spacer and reduces steric hindrance of detecting mal&ansequently, modification with
synthetic organic films also has a great impact on stability and functionality ofddécular sensing layer
as well as increase of signal to noise ratio.
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Organo-silanes

Silanization is one of the most common ways to incorporate chemically well dd€inetional groups
on surface of silicone-based substrates. Various protocols for siteonizhave been presented including
deposition from: aqueous solution, organic solution or gas phase.

Organo-silanes can bind strongly to a silicone-based surface thrdogare bonds. The most pop-
ular reagents are trialkoxysilanes of general structure {BQJH,), X (where X is functional group).
Alkoxy groups attached to Si are lost in the presence of water. Coes#gusilanols condensate with
each other, or with surface silanol groups forming siloxane bonds. st mechanically and chemi-
cally markedly stable overlayer is created in which functional groupsréeeted away from the underlying
silicone-based surface. An excess of water leads to undue polymerizafiile insufficient amount of
water results in incomplete monolayer formation [14, 15].

A large variety of suitable functional groups, through the choice of garc functionality, can be
introduced on the surface. The most popular organo-silanes inedepamino, epoxy, carboxy or thiol
group.

Organo-silane layer is not only used to introduce chemical functionalpgr@able to immobilize
biomolecules [16]. It is also a suitable platform to introduce appropriatenictaé linkers or dendrimers
[17, 18] where the biomolecules can be attached. Consequently, silaniiatioe most widely adapted
technique for modification of silicone-based transducer in biosensingafpns.

Dendrimers

Dendrimers are monodispersed globular macromolecules with branchadahstructure constructed
around a central core. A range of functional groups can be incaigw (e.g. aldehyde) to multiple branch
ends to enable immobilization of biomolecules. Due to high functional grouptgdhsy create on the
surface large modified areas. Dendrimer layer can be prepared lpyriLémBlodgett or spin-casting tech-
niques, however, the most popular involve covalent attachment to trelanézed surface.

Dendrimers are mostly applied in DNA and protein microarrays [17—19]eé&iajly poly(amidoamine)
(PAMAM) is the most popular dendrimer in biomedical application due to a nuwitsrrface amino func-
tional groups.

1.3 Biomolecules immobilization: structure and properties

Biomolecules are molecules of biological origin including proteins, nucleicamigolysaccharides.
Many of these molecules possess special properties to carry out sfaifigical processes. In biosen-
sor application ability to detection of complementary biomolecules via specific birdihgbridization is
widely exploited.

Biomolecules after immobilization might change their conformation what consdyuefects their
properties and activity. Therefore, choice of the strategy adoptelidonolecules immobilization is ex-
tremely important in preparation step of biosensor surface.

Below there are presented and described different methods andaappsccommonly used to immo-
bilize proteins and nucleic acids on the surface.
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1.3.1 Protein immobilization

Proteins are biomacromolecules responsible for biochemical reactioatabfsis (e.g. enzymes) and
immune responses. They have also structural and mechanical fundiomdl @as play an important role in
cell signalling.

Proteins are biopolymers built of hundreds to hundreds of thousapeatieg monomeric units.
Twenty different monomeric units called amino acids are incorporated inipsoteach amino acid consists
of « carbon, carboxyl group, amino group, side group and hydrogerinéacids are covalently linked by
the peptide bond formed by the condensation reaction between carlmakghaino group. The side group
different for each amino acids might be polar or nonpolar, electrostatidadlygged or not. Therefore, these
side groups determine the shape and properties of the protein. Thenxseaidinked amino acids is the
primary structure of protein and is defined by the genetic code.

The secondary structure of protein is formed when the protein folds upidédined shape. The two
major secondary structures arénelix ands sheet.« helix appears when a linear hydrogen bond is formed
between every amide hydrogen and carbonyl oxygen four residugef along in the sequence. The result
is a cylindrical structure where the wall of the cylinder is formed by the ¢ein-bonded polypeptide
backbone, and side groups are pointing outwagdsheets consist of a few beta strands (different segments
of the amino acid sequence in polypeptide chain) arranged side by sidemanected with hydrogen bonds
between backbone groups. The beta strands can run parallel oraltip@ one another forming pleated
sheet where side groups alternately point upward and downwardfeovayhe sheet.

Polypeptide chain folds spontaneously into a more compact structure foreniiagy structure which
determines biological functions of protein. Tertiary structure is stabilized large number of (mostly
weak) interactions. The most important interactions involved in the stabilization a

e charged interactions

hydrogen bonding

disulphide bonding

van der Waals interaction

hydrophobic interaction

Many proteins consist of more than one polypeptide chain (subunit) andadled oligomers. De-
pending on the number of subunits such complex are known as dimers, trietessners and so on. The
structure of associated subunits is stabilized by the same weak interactimnteag structure and quater-
nary structure of proteins is formed.

Proteins are very complex molecules. Therefore, many different seatagfilizing chemical and
physical properties of proteins, have been applied to immobilize them into tidessoface. All these
strategies can be classified into three categories (Figure 1.2): phydgmiption, covalent bonding and
specific binding.
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Physical adsorption Covalent bonding Specific binding

PN
N

SRV -

TN

| | i
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Figure 1.2: Three categories of protein immobilization.

1@

1.3.1.1 Physical adsorption

Protein molecules can adsorb on almost all kinds of interfaces. Thergfostein adsorption phe-
nomenon has been discussed by many authors [20—22]. Most of thatrtgpeomplexity of this process
and describe many different mechanisms and forces acting betweein aradesurface, including hydropho-
bic, electrostatic and van der Waals forces, responsible for proteimmibs. In addition, temperature, the
ionic strength and pH of the buffer as well as properties of the surfadgeotein - protein interaction are
also important parameters. Regardless this, protein adsorption phenoosriake place only if the Gibbs
energy of the system decreases. For spontaneous adsorptiorstantg@ressurg and temperaturé’ the
change of the Gibbs energyG is described with:

AG=AH-TAS <0 (1.1)

whereA H andAS refer to change of the enthalpy and the entropy of the system, respe {28

Another very important aspect is orientation of molecules adsorbed orgatfaee. Proteins are typ-
ically asymmetric molecules and only in exceptional cases they exhibit a splrehvape. Therefore, due to
the different shapes they could adsorb with different orientation. Th#efrexample can be Immunoglob-
ulin G (IgG) which is Y-shaped molecule. Alternatively, globular IgG moledsileommonly presented as
ellipsoid (see 2.1.2.1). Figure 1.3 presents different possible orientatidg& on the surface. Cause 1gG
possesses two binding sites on their “armgg(Fegions) the orientation of adsorbed molecule has a great
impact on its activity.

Head-on

Figure 1.3: Different orientations of adsorbed IgG molecules [24].

Additionally, proteins can undergo conformational changes and unigddtal different forces act-
ing during the adsorption process. Taking into account the three dimahsiwacture stability the pro-
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teins can be divided into two groups “soft” and “hard” [25]. So-callédrd” proteins such as lysozyme,
B-lactoglobulin ora-chymotrypsin upon adsorption maintain their structure as they have in thaweids
state. On the other hand, “soft” proteins such as bovine serum albumi) (B&munoglobulin G (IgG),
fibrinogen ora-lactoglobulin have low structural stability and upon adsorption can spmedlde surface.
There are presented and described below a few major parameters tiextéefprotein adsorption.

pH

pH is one of the major parameters which determines electrostatic state of prafgaikof buffer
is close to the isoelectric point (pl) of a protein the negative and positiseges cancel out and the net
charge is almost zero. For higher pH condition (pH>pl) proteins arativedy charged whereas for pH<pl
molecules are positively charged. Therefore, pH condition has an impa&téctrostatic interaction between
surface and protein molecule. This causes an increase or a decr&ibbsrenergy depending on whether
it is a repulsive or an attractive interaction, respectively.

Despite the fact that by changing pH attractive electrostatic interaction eetpreteins and surface
can appear, the maximum of adsorption is generally observed near thiafsumoto et al. and Bremer
et al. show that the pH curves for BSA and IgG adsorption have a balestvith the maximum close to
the pl [26, 27]. Such a behavior suggests that electrostatic interacti@mdry pH condition cannot be the
main force responsible for protein adsorption.

lonic strength

Not only pH but also ionic strength of the solution influences electrostatteiprsurface interaction.
The range and the strength of electrostatic potential can be modified by thelissolved in the buffer.
The counter-ions form diffusive double layer close to the charged miglemr surface immersed in an
electrolyte solution. Such a layer damps electric potential what means thaigtier fonic strength the
shorter electrostatic interaction between charged entities is.

Jones et al. present for BSA adsorbed to negatively charged meentiranhigher ionic strength
results in less adsorption at the pl and at pH below it but greater adsogttpH above pl [28]. Similar re-
sults were obtained by Bremer et al. for IgG adsorbed to positively agatimely charged substrates. Lower
salt concentration decreases or increases relative initial adsorptEowhian protein molecules and surface
were like-charged or opposite charged, respectively [27]. In additimtein-protein repulsive electrostatic
interaction affects the inner structure of adsorbed protein layer. FgipgbHrotein assemble into a loosely
packed layer whereas if pH=pl molecules tend to form a more denselygdaker [29]. This suggests
that overall adsorption depends on the combination of both protein-pintdiprotein-surface electrostatic
interactions. Increased ionic strength reduces electrostatic repuldieadrelike charged molecules and
like charged protein and surface but also decreases attractive tideraetween opposite charged protein
molecule and surface.

Surface properties
Surface properties such as hydrophobicity and roughness haeaiimpact on protein adsorption.
Generally proteins prefer to adsorb onto hydrophobic surfaces rihwe hydrophilic ones [30, 31]. Due to
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the entropic increase, which is caused by the release of water dipatesifidrophobic surface to the bulk
solution during protein adsorption, the adhesion of proteins is enhamctek dwydrophobic surfaces [32].
In addition, the steady-state adsorption of proteins on hydrophilic suigastrongly dependent on the
protein concentration [27,33]. In turn to hydrophobic ones for whichdbpendence is absent [33]. Protein
concentration influences the initial adsorption rate. For high initial rate thegftilime is short, consequently,
molecules have little time to undergo conformation changes and spread.glen#ig, molecules have no
time to take larger area per molecule (molecular footprint). This results in haglsarrption saturation as
more molecules can occupy the same surface area. Such differencessitedldy-state adsorption as a
function of protein concentration reveal that protein molecules underga@anformation changes faster
and spread on hydrophobic surfaces rather than on hydrophilid 8hg33].

Moreover, Norde et al. claim that “soft” proteins tend to adsorb ontowuarsurfaces in contrast
to “hard” proteins which can adsorb onto hydrophilic surfaces onlynsilectrostatic attraction between
protein molecules and surface exists (Table 1.1) [25]. Still, adsorptioeg#tively charged-lactoglobulin
to hydrophilic negatively charged silicone surface is reported by Matsil. [31]. Such an exception
might point to the existence of additional protein-surface interaction amglexity of protein adsorption

phenomenon.

Table 1.1: Scheme predicting occurrence of protein adsorption, depeow charge (+/-) and other protein
and surface properties [25].

surface

hydrophobic| hydrophilic

+ - + -

+ es es | no es
hard Y Y Y

-| yes | yes | yes | no

Protein

+| yes | yes | yes | yes

soft

- | yes | yes | yes | yes

Hydrophobicity of the surface also impacts on the secondary structypetdin. Sethurman et al.
report that for a hydrophobic surface the amount.dielixes decreases and they are partly transiteg to
sheet. Moreover, for a hydrophilic surface secondary structardént was close to that in free solution [34].

Denis et al. indicate that not only hydrophobicity has an impact on protearption but also sur-
face roughness. Result obtained for collagen adsorbed to the esunigith different properties confirmed
that larger amounts are adsorbed to the hydrophobic surfaces cahipates hydrophilic ones. What is
more, atomic force microscopic measurements reveal that morphology tefrptayer depends on both
hydrophobicity and roughness. On smooth surfaces collagen formgagémhsupramolecular assemblages
with small or high (attributed to collagen aggregates) surface featurgsdomghilic or hydrophobic surface,
respectively. Such structures are not observed on rough sulj8%ata
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1.3.1.2 Covalent bonding

Covalent bonds are mostly formed between the groups of amino acids siiths elmd suitable com-
plementary groups from the surface. There are many different furatgyoups which might be introduced
to the surface (with methods described in Section 1.2) to enable immobilizatiorotgins. The most
popular compatible chemical groups are presented in Table 1.2 and eeSoelow.

Table 1.2: Commonly applied functional groups for covalent protein immobilizd86, 37].

Surface Protein side amino acids
functional groups
groups
aldehyde -NH, Lys
NHS ester -NH, Lys
epoxy -NHs, -SH or Lys, Cys, Ser,
-OH Thr
maleimide -SH Cys

Aldehyde

One of the most common strategy to immobilize proteins to the surface employs apdddgoup
(Figure 1.4a). Aldehyde group forms imine bonds with amine group of lysiamion to almost every
protein) - so called Schiff base. Immobilization via a Schiff base is reverdiolever, carbon-nitrogen
double bond can be reduced by using some reagents (for example soginoborohydride) to stable
secondary amine linkage.

Aldehyde group is mostly incorporated by glutaraldehyde reagent to #wopsly aminated sur-
face [38, 39]. However, glutaraldehyde in aqueous solution mightegesdifferent structures what influ-
ences reactivity. Betanacor et al. studied mechanism of enzyme immobilizatibe support activated
with dimer or monomer glutaraldehyde form [38]. Presented results sutigeglimer yields fast protein
immobilization, whereas monomer activation leads to low immobilization rate. In additi@gnlow ionic
strength immobilization proceed via first ionic exchange with amino group ofuppast, followed by the
covalent attachment. If high ionic strength is used enzyme is directly immobilizeduafent bonding but
the process is slower.

NHS ester

N-Hydroxysuccinimide (NHS) ester (Figure 1.4b) readily reacts with amioem of lysine form-
ing stable amide bonds. Unfortunately, NHS ester is unstable in aqueodii@as and ester hydrolysis
competes with protein attachments.

Parker et al. proposed using a dry organic solvent to avoid esteoliigidr. Organic solvents can dis-
solve significant amounts of protein and results for catalase dissolved,tté@fRioroethanol demonstrate
effective protein immobilization to the gold surface modified with NHS ester [40, 4
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NHS ester

maIeimide
aldehyde O// N \O epoxy

I
H
N //O O\\/O i
a) b) %

Figure 1.4. Chemical structure of functional groups: a) aldehyde;H$ Mster; c) epoxy; d) maleimide;
used for covalent protein immobilization [36, 37].

Yet, according to Wagner et al. hydrolysis of the NHS ester presentéteosurface is very slow at
pH 7.5 and 8.5 [42]. Additionally, hydrolysis was not complete even aftést8ivhereas, NHS derivatives
in solution at pH 8.0 have a half-life of 1 h. This suggests that monolayangement decreases the
reactivity and application of NHS ester in aqueous conditions is possiblaifisetanding, optimization of
parameters like pH, concentration or ionic strength is necessary.

Epoxy

Immobilization of protein to epoxy (Figure 1.4c) modified substrate takes plaocagh a two step
mechanism. Firstly, protein adsorption is promoted and secondly, covabartian between amino acid side
groups (amino, thiol or hydroxyl) and epoxy group occurs.

Epoxy groups are very stable in neutral pH and under aqueous meactimlitions. However, to
promote physical adsorption the use of high ionic strength is recommendgd fortunately, such a
condition can be too harsh for some kinds of proteins for example enzylhesefore, many attempts focus
on developing other methods to increase protein adsorption, mostly basadooporation of additional
chemical groups.

Mateo et al. proposed preparation of different multifunctional epoxpsetts by modifying a 10-
20% of the epoxy groups with additional groups which promote physicsdration of proteins [43]. To
modify epoxy groups Aminated, Iminodiacetic Acid, Copper-Iminodiacetic Assid Boronate Supports
were implemented. Presented results reveal that initial immobilization could bedcaut at low ionic
strength conditions and into hydrophilic supports. Additional, results for inilimetl enzymes show that
for some supports enzymes preserved 75-100% of their activity gammeling to the soluble enzymes used
for immobilization).

Mateo et al. also examined the amino-epoxy support consisting of epoxypgmover a layer of
ethylenediamine that is covalently bound to the support [44]. Such amagpidoes not reduce epoxy
groups at the surface and the ratio of amino to epoxy groups (promaoysitphadsorption) is 1:1. Incorpo-
ration of the layer of amino groups improves protein immobilization rates as weflasdes immobilization
of enzyme at low ionic strength and provides better stability of the enzymes.
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Maleimide

Maleimide group (Figure 1.4d) can react with the thiol side chain in cysteideaara result forms
stable thioether bond. The reaction is rapid and specific at a physiolqdicgd.5-7.5). However, protein
possesses very few cysteine residues on the surface. Thesiferselective immaobilization is possible by
modification of protein molecules.

Ferrero et al. modified protein in such a way that only one cysteine residseexposed on the
surface [45]. Presented results for wild type and mutant cytochrom@ fifgrs Bacillus megaterium reveal
that highly exposed unique cysteine residue is capable to form covalkagério the different spacers with
maleimide group.

Other method has been presented by Ichihara et al. who suggestiratorg oligocysteine tag [46].
Due to the problem with purification of enhanced green fluorescentipi@&FP) with an N-terminal tag
consisting of five tandem cysteine repeats an additional histidine tag haswipgorated. The best results,
taking into account production, purification, and immobilization, were obtdimeecombinant EGFP with
an N-terminal His-tag and a C-terminal Cys-tag.

1.3.1.3 Specific binding

Proteins possess on their surface binding sites which can interact witl bgaimding sites presented
on the surface of a complementary protein. Protein-protein or proteindigpecific binding is one of the
methods which offers oriented immobilization of proteins. The specific bindoogirs by non-covalent
intermolecular forces, such as van der Waals forces and ionic or ¢pgatmonds.

However, to utilize specific binding for protein immobilization its ligand or complenrgrgeotein
has to be previously deposited on the surface. To this end many diffgpenbaches have been applied
using physical adsorption and covalent bonding.

¥ 4 ég
'O‘ (Strept)avidin 6;% 6:%? biotinylated 1gG N
® 0 "y S immobilization immobilization A sonog M
1 \7\ — —
b)
O'Q‘o Protein A/G O o I9G
A immobilization _ ‘)\D b immobilization
. — o011 —

Figure 1.5: Protein immobilization via specific binding using a) biotin-(streptjaadd b) Protein A/G-IgG
system.

(Strept)avidin-biotin system

(Strept)avidin-biotin is a model system of ligand-receptor interactions dinrgto specificity and
affinity. It is also one of the strongest non-covalent bonding with diasioa constant I§ = 4x10~* M
and K; = 0.6x 1015 M for streptavidin (see Section 2.1.2.3) and avidin, respectively.
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Biotin, also called vitamin H or B7, consists of tetrahydroimidizalone ring fuseth \&
tetrahydrothiophene ring to which valeric acid is attached. Only the bicycligisimimportant in specific
binding with one of the four binding sites presented on the surface otawdm or avidin. The valeric acid
chain can be modified to generate biotinylated reagents [47]. Such isagenbe used to introduce biotin
as a functional group to dendrimers [48], thiols [49] or pre-silanizethsas [50, 51].

Moreover, biotin can be also conjugated with proteins [49,52], theinfeags [49] or other biomolec-
ules (e.g. estrone) [50]. Since biotin molecules are small (244.3 Da) bidtotyldoes not affect protein
conformation and properties.

Protein immobilization with (strept)avidin-biotin system consist of a few stegagluhich biomolec-
ular multilayer is formed. Firstly, (strept)avidin is immobilized to the surface viakemt bonding, physical
adsorption or specific binding with biotin reagents incorporated to thecgurfénally, biotinylated protein
is immobilized to the surface due to (strept)avidin-biotin interaction (Figure 140a}2].

Interesting results have been presented by Muller et al. who used thiobesthiobiotin instead
of biotin as functional group [49]. Desthiobiotin is biotin analog that has toaieding constant with
streptavidin. Therefore, biomolecular multilayer formed on the surfacbeavashed away by using biotin
solution. As a result, procedure of streptavidin and biotynylated proteihinip can be repeated several
times on the same desthiobiotin modified surface.

Protein A/Protein G - Immunoglobulin G system

Protein A and Protein G are recombinant cell wall components of Staplodos@ureus and Strep-
tococcal bacteria, respectively. Both of them bind specifically to thee§ion of IgG antibody and as a
result binding sites placed on,fregions are exposed. Many different approaches including: prtiein
olation [53], covalent bonding [3, 39, 54] or adsorption (pseudoiberbtion) [55] have been applied to
immobilize Protein A/G to the surface (Figure 1.5 b). Regardless of the agipeaorientation of protein
A/G is important to enable specific binding of IgG [53, 55].

Results obtained by Bae et al. as well as Oh et al. show that protein G |layeages formation of
antibody-antigen complex compared to direct immobilized IgG to thiolated goldeif8, 53]. Protein G
base layer controls orientation of IgG (with Fab regions exposed to ti@navhereas, IgG is immobilized
with various configurations (end-on, side-on, head-on) to thiolatdd[53].

Moreover, comparative study of different methods to immobilize antibodiessgJapanese en-
cephalitis virus (JEV) to silicone surfaces tested by Huy et al. indicatestibabhethod using protein A is
the most effective. Compared with other approaches it yields threefoldimprent in the detection of JEV
antigens [39].

1.3.2 Nucleic acid immobilization

The term nucleic acid is a common name for ribonucleic acid (RNA) and dixmxyucleic acid
(DNA). RNA and DNA are biopolymers consisting of a sequence of unileaaucleotides. Each nu-
cleotide is built with a nucleobase (also called base), a pentose sugarphuzhate group. RNA and
DNA consist of the different pentose sugar: ribose and 2'-deogggbrespectively. Phosphate groups and
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five-carbon sugars are connected through phosphodiester bdridrama backbone of nucleic acids. Five
carbon atoms of sugar are counted and phosphate group are attatiee@'tand 5’ carbons. As a result in
nucleotides string characteristic direction from 3'- to 5’-end can be disishgd. To the 1’ carbon of sugar
ring nucleobase (heterocylic amine) is attached. There are two diffgqees of nucleobase: purines and
pyrimidines. Two purines; adenine and guanine are common for DNA aril RN the other hand, two
pyrimidines: cytosine and thymine occur in DNA, while in the RNA case thyminepiaoed by uracil. The
sequence of bases forms primary structure of nucleic acids and strescgcode or information how to
duplicate themselves and guide the synthesis of proteins.

The nucleobase can form complementary base-pairs stabilized by lkydsogds which are specified
by the structure of the heterocylic amines. Guanine can form three hgmtmands with cytosine, whereas
adenine can form two hydrogen bonds with thymine (DNA) or uracil (RNA)

RNA is usually single-stranded, but it might form hairpin structures by lpesring of self-comple-
mentary regions. Such a structure might be also observed in singleesdr@dA. However, the most
popular secondary structure of DNA is double helix. Double-helicaletiiienensional structure is made
of two complementary right-handed strands in an anti-parallel direction thabded about the same axis.
Consequently, complementary base-pairs from the two opposite DNA steaadtacked in the interior of
the helix.

A short single-strand DNA or RNA is called oligonucleotide. The sequeficdigonucleotides can
be specified. Therefore, they are often synthesised in laboratory td rmategion where a mutation is
known to occur. Consequently, oligonucleotide probes are widely apiplieicroarrays and biosensors to
detect genetic diseases as well as viruses or bacteria.

Mostly all strategies of nucleic acids immobilization to the surface are basedanéthods: specific
binding or covalent bonding. Both of these methods are based mostly on ratidifiof 5’-end of the RNA,
single-strand DNA or oligonucleotide with appropriate chemical group or cutde

1.3.2.1 Thiol- or amine- terminated nucleic acids

Thiolation (-SH) is one of the most popular method to attach nucleic acids clyaie the surface.
-SH group strongly reacts with gold surface and stable brush-like laylernised. However, to obtain
maximum hybridization efficiency the control of surface coverage ofemiacids is extremely important.
To this end Herne et al. proposed to use mixed monolayers of thiolated otigotide and spacer [56].
The described two steps method, where attaching of oligonucleotides fraimmailar solution is followed
by immersion in spacer milimolar solution, brings two benefits. Firstly, nonspaityfiecnmobilized DNA
are mostly removed from the surface. Secondly, surface coveragati®itled and oligonucleotide probes
are accessible for specific hybridization.

Moreover, thiol- or amine- (-Nk) terminated nucleic acids might be immobilized to silicone-based
surface but firstly surface modification with organo-silane is requirgdaf@-silane layer allows to attach
terminated oligonucleotides directly [57] or via incorporation of specific lif&8r59]. Charles et al. show
that -SH and -NH terminated oligonucleotides present comparable attachment to silanizecksuitia an
additional cross linker incorporated [58]. However, DNA hybridizatieas significantly more efficient for
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amino- terminated oligonucleotides and decrease of hybridization at higheitiés for thiol- terminated
probes was observed.

1.3.2.2 Biotinylated nucleic acids

The most popular method to immobilize nucleic acids via specific binding exploiep{widin-
biotin system (see Section 1.3.1.3). Biotin is a small molecule which can be attached’-end of nucleic
acid, without interfering with their physiochemical and biological propert@sally, streptavidin or avidin
pre-immmobilized to the surface are used as an anchoring layer. Exploititig-bieptavidin system
seems to be more complicated than thiolation of nucleic acids, due to the additepalf streptavidin
immobilization. However, numerous experiments show many advantages gfthsitiotin-streptavidin
system.

One of the advantages is that streptavidin acts as a bridge between theidalig sind the oligonu-
cleotide probes. Such bridge reduces steric hindrance and keepfgtheuoleotides more accessible for
reaction during hybridization as compared to directly immobilized probes. dtereSu et al. report that
well ordered streptavidin layer formed on biotinylated surface providastable platform for biotin con-
jugated DNA assembly [60]. Streptavidin layer mediates DNA probe orientaimohas a result has an
impact on hybridization efficiency. Therefore, ordered streptavidiarliycreases hybridization efficiency
compared to the dissipative streptavidin film formed through amine coupling.

Another advantage of biotin-streptavidin system was reported by Mir ¢6Hl. They compared
non-specific binding of nanoparticles to thiolated oligonucleotide (DNA)nsisacovalently attached to
gold and biotinylated oligonucleotide (DNA) assembled on the streptavidin ptatiéter target hybridiza-
tion. Results of experiments have shown that streptavidin underlayer minithezesn-specific binding of
negatively charged quantum dots as well as streptavidin molecules duedigifecant polar hydrophilic

repulsion.
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Chapter 2

Experimental

2.1 Materials

2.1.1 Organo-silanes

Silicon oxide (SiQ) or silicon nitride (SiN4) were used to prepare model biosensor surface. Sili-
con surfaces were modified with two different silanes to form a biocompatitrithetic organic layer (see
section 1.2). (3-Aminopropyl)triethoxysilane (APTES) and (3-Glycidmopyl)trimethoxysilane (GOPS)
were used to prepare a suitable interface for protein immobilization via physisarption or covalent
bonding, respectively.

2.1.1.1 (3-AminopropyDtriethoxysilane (APTES)

(3-Aminopropyl)triethoxysilane (APTES) is one of the most frequentiydusgano-silane reagents
for the preparation of amino-terminated films on silicon substrates. The seumtWAPTES molecule is
shown in Figure 2.1a. Surface amine (NHjroups on APTES thin film promote physical adsorption in-
creasing affinity between silicon surface and biomolecules. Alternatov@glent bonding of biomolecules
is possible after incorporation of an appropriate biofunctional linke2][1,

The thickness of APTES overlayer deposited from aqueous solutigesdrom 0.8 to 1.3 nm [3].

a) b)
O-CoHs CID-CHs

CQH5-O-SIi W\ CH3-O—SIi W N
O-CoH5g NH2 O-CHg © o)

Figure 2.1: Chemical structures of a) APTES and b) GOPS molecules.
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2.1.1.2 (3-Glycidoxypropyl)trimethoxysilane (GOPS)

The use of (3-Glycidoxypropyl)trimethoxysilane (GOPS) in surfacdioga is intended to enable
covalent bonding of biomolecules to silicone-based surfaces. Thedeporg is reactive toward nucle-
ophiles such as amines, thiols or acids and can be used for subsenqu@itig of biomolecules (see Section
1.3.1.2). The structure of GOPS molecule is shown in Figure 2.1b. Literadilues/of monolayer thickness
range from 0.75 to 1.1 nm for GOPS deposited from toluene solutions [4].

2.1.2 Proteins
2.1.2.1 Immunoglobulin G

Immunoglobulin G (IgG) belongs to antigen family which plays a crucial role inrtiraune system
and is responsible for recognition and binding of antigens.

IgG is composed of four peptide chains - two heavy and two light chaing/p&uatide chains are
grouped into three regions: ong &nd two F;, which are connected by flexible hinge region. Heavy chains
are presentin bothfand F;, regions, whereas light chains are only locatedjirEgions. The folding of the
chains results in Y shaped molecule whose “arms” are formed,byeigions and contain biological active
antigen binding sites. Molecular weight of IgG molecule is about 156kDarf]its nominal dimensions
are 14.5 nmx 8.5 nmx 4 nm [6]. The pl range for polyclonal rabbit IgG is 6.0-8.0 [5].

2.1.2.2 Bovine Serum Albumin

Bovine Serum Albumin (BSA) is a serum albumin originated from domestic ctvisa relatively
large globular protein with molecular mass 66.3 kDa and dimensions # Amm x 14 nm [7]. Reported
isoelectric point of BSA is about 4.6-4.7 [8].

BSA is one of the most commonly used blocking reagent to reduce noifispeieraction (e.g. in
biosensors or enzyme-linked immunosorbent assay test (ELISA)) [7].

2.1.2.3 Streptavidin

Streptavidin is homo-tetrameric protein purified from Streptomyces avidinii. dnillipsoidal
molecule with dimensions 4.5 nm 4.5 nm x 5 nm and molecular weight about 60 kDa [5]. The pl for
streptavidin is about 5.0 [9].

Streptavidin is commonly used inimmunochemical and diagnostic assays as bieassors thanks
to the strong non-covalent interaction with biotin (see Section 1.3.1.3). Theublelpossesses four biotin
binding sites - one for each subunit.

2.2 Experimental techniques

2.2.1 Atomic Force Microscopy

Atomic Force Microscopy is one of the Scanning Probe Microscopy (SBbthniques which utilize
a sharp scanning tip (apex radius at the order of nanometers) to examiaeestopography and its local
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properties. The idea of AFM is based on interaction between atoms of misgdip and a surface. The real
interaction has very complex character, however it can be describaecttivally by Lenard-Jones potential.
The force acting between tip and surface atoms is repulsive in a shourfgese distance, whereas in a large
distance it changes into attractive one (Figure 2.2).

Lenard-Jones potential
force

repulsive force

o Ppotential [a.u]
force [a.u.]

I
o

attractive force

tip-surface distance [a.u.]

Figure 2.2: Qualitative form of Lennard-Jones potential (left scalekidarve) and force between tip and
surface atoms (right scale, red curve).

AFM might work in two different modes depending on a way how the scantiinmnteracts with
the surface. In contact mode (Figure 2.3b) the tip constantly touches tlaeesand repulsive force is
responsible for interaction. On the other hand, in non-contact moderé8c) the tip oscillates close to
the surface and interacts through attractive forces. Intermediate tomide is a special type of non-contact
mode. In this mode the tip oscillates close to the surface but for a short timestwtiahsurface.

a)

position-sensitive
photodetector

b) contact mode

L

non-contact mode
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Figure 2.3: Schematic description of (a) AFM measurements with the laser deiewtion system and
AFM (b) contact and (c) non-contact modes. The cantilever bendiegalthe forces acting between tip
and surface atoms results in beam deflection which is analysed by pogtisitige photodetector.

The most popular way to detect interaction between the tip and the surfaasad bn laser beam
deflection (Figure 2.3a). Scanning tip is mounted on flexible cantilever thedide of which is illuminated
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with a focused laser beam. Reflected laser light falls on the centre of peséiwitive quadrant photodi-
ode. In contact mode cantilever might bend (topography measurememtgyipflateral force microscopy
(LFM)) due to the interaction with the surface. Each cantilever deflectiosesadislocations of laser beam
from the centre of photodetector. In non-contact mode surface tapbgior other properties might change
the amplitude or phase of tip oscillations measured by photodetector. Eledgedizack system changes
the distance between the tip and the sample to maintain deflection (in contact mogbfyde or phase
(in non-contact mode). The changes in the distance reveal the stofamgraphy. Finally, piezoelectric
scanner moves the sample or the tip and information from the feedback Sgstetiected point by point,
consequently, topographic, phase or friction (LFM) AFM micrograpleseaeated. Phase or friction (LFM)
maps provide information about local mechanical properties.

In this thesis all scans were collected in the intermediate contact mode, siempmmobilized to
the surface are very soft, sticky and susceptible.

2.2.1.1 Methods of AFM data analysis

The 2 dimensional Fourier transform [10, 11] and autocorrelationtimm¢l2] are useful tools to
examine more quantitatively surface features observed on topograppgcabtained from AFM measure-
ments (Figure 2.4).

2.2.1.1.1 2-dimensional Fourier transform

Fast Fourier transform (FFT) (one of the algorithms to compute Fouriesfsem) of AFM micro-
graphs presenting random set of surface features yields an isodifipgive ring on (k;, k,) plane. Next,
radial average of the squared FFT amplitude is used to calculate povetnspd (k). The reversal of the
wave vector (1/k,..) at the maximum of the spectrum P(k) provides a measure of the distancechetive
features observed in AFM micrographs.
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Figure 2.4: Schematic representation of 2D-FFT and 2D-ACF analysi§bf icograph.
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2.2.1.1.2 2-dimensional autocorrelation function

2-dimensional autocorrelation function (ACF) takes the image and the same &hifigd by distance
Ax andAy in the X and Y axis with respect to the centre of the image and computes comdiatimeen
them. As a result, 2D ACF image (defined ek, Ay) plane) is created with central part containing infor-
mation about surface features. The doubled value of width-at-half-maxi(@whm) of radially averaged
2D ACF is taken as an average size of surface features observeldMiiopographic micrographs.

2.2.2 Near-field Scanning Optical Microscopy

The near field scanning optical microscopy (NSOM) is a SPM techniquediag simultaneously
two types of signals, providing information about topography and opticgdgrties of examined surface.

NSOM technique utilises a near-field (evanescent electro-magnetic fibldh &llows detect struc-
tures with sizes below the half of light wavelength, that are not detectabldanfeeld where the Abbe
criterion is preserved [13]. Evanescent (electro-magnetic) fieldeapjad the end of a tapered optical fibre
(with an aperture in the range of 50-100 nm) illuminated by laser light. It forstsaaning tip placed in a
close proximity (a few nanometres) to a sample, where near-field interadtingwvface it transforms into
normal light wave and can be collected in far-field as a transmitted, reflectktbrescence light, depend-
ing on the NSOM configuration (Figure 2.5). The tip-surface distancerig@ed in a similar way as in
AFM with conventional optical system based on laser beam deflectiorSessgt®on 2.2.1) or it involves the
usage of a tuning fork (see Figure 2.5) [14].

PHOTODETECTOR a) Q‘ PHOTODETECTOR b)
=z===— NOTCH FILTER

g LASER LASER

AUUUN . S
K optical fiber e optical fiber
| — | | — | —

XYZ scanner with sample XYZ scanner with sample

Figure 2.5: NSOM (reflection mode) microscopy set up. The optical fibsctps across the sample surface
at constant nanometer tip-surface distance (controlled by tuning fehilg the surface is illuminated by a
sub-wavelength aperture. The light intensity of the whole reflection spad#) or the filtered fluorescence
spectrum (b) is recorded as a function of tip position simultaneously with tapbg data.

Thanks to its spatial resolution, better than in traditional optical microscof®M is a powerful
tool to examine biological samples [15-17].

2.2.3 X-ray Photoelectron Spectroscopy and Angle ResolvetPS

2.2.3.1 Principles of X-ray Photoelectron Spectroscopy

The principles of X-ray Photoelectron Spectroscopy (XPS) methodemarithed with equation (2.1).
A surface illuminated with hard X-rays of ener@ly emits electrons (so called photoelectrons) with kinetic
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energy (k) equal to:
E,=hv—Eg—¢ (2.1)

where Eg is electron binding energy angl is the work function. Electrons can be ejected from tightly
bound core levels or weakly bound valence level. Because photoeleaimngly interact with the atoms
of the substrate only some fraction of them emerges from surface with arigin Attenuation length

is a characteristic distance for escaping electrons which takes into catgdeboth elastic and inelastic
scattering of electrons. Sampling depthjddefines maximal thickness of analysed surface layer for take-
off angle® = 0° (with respect to the surface normal). Commonly, the sampling depth is desevitie
eqguation (2.2). This gives about 8.7 nm for 95% detection of C1s linéteeloy Al Ko radiation [18].

dsq = 3Acos © (2.2)

If the monochromatic X-ray is used, binding energy can be calculated tihenmeasured kinetic
energy. Energy scale is charge referenced to the neutral (CH)rcarls peak at 284.6 eV. Binding energy
is unique to each element and sensitive to its chemical state (binding endtgyshcalled chemical shift).
Consequently, elements composition and their chemical state can be identified.

Typically magnesium (Mg) or aluminium (Al) anodes with their characteristic IMg&a (1253.6 eV)
and Al Ko (1486.6 eV) are used as X-ray source. Energy distribution of ejettetbplectrons is measured
with analyser (typically concentrating hemispherical analyser) and theirsities by detectors. As a result
the photoelectrons intensities are plotted as a function of kinetic energy.

Intensities of photoelectrons;)lare described with equation (2.3):

© —z
Ii: t 7 Zz dz =K zAzZz or Z:(2)=2: an —0° 2.3
cons U/o (z)exp (MCOS@> z o |f Zi(2)=Z; and ©=0 (2.3)

whereconst is the instrumental constant; photoionisation cross-section ang Zstoichiometric molar
fraction of the element emitting photoelectrons. Analysis of photoelectronsitiesnallows to determine
concentration of elements present in the surface (see Section 2.2.3.3.1).

2.2.3.2 Principles of Angle Resolved XPS

Angle-Resolved XPS is a useful method which allows to collect informatiom flifferent depths
of examined layer. Thickness of evaluated layer is modified by changintakieeoff angle® (equation
(2.2)). The maximal sampling deptl® (= 0°) can be reduced to one-hath (= 60°) and even to around
one-third for @ = 70°) (Figure 2.6). Therefore, ARXPS can be used as a hon-destrucétieod (without
sputtering) to determine chemical composition as a function of depth. In additiRXPS measurements
enable layer thickness estimation by tracking signals characteristic faraebasnd thin € d,;) overlayer
(see Section 2.2.3.3.2) [19, 20].

2.2.3.3 Methods of XPS and ARXPS data analysis

2.2.3.3.1 Determination of atomic concentration
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a) b)

-
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Figure 2.6: Effect of take-off angl® on sampling depth. At low take-off angl® (= 0°) (a) more electrons
are collected from atoms situated deeper in the sample, whereas, at highefftangle (b) only atoms near
the surface are examined.

The intensities of the ejected photoelectrons are proportional to the doatoemms of elements present
in the surface. Consequently, XPS technique gives possibility to detertoimécaconcentrations (f every
element (ignoring H atoms). For this purpose the following equation (2.4ei$ [Us8, 19]:

X

where nincludes all elements presented in the sample aareXormalized photoelectron intensities.fof
element is defined as a ratio of photoelectron intensity to sensitivity factosi&cified by photoionization
cross-sectiowr; and attenuation length; (see equation (2.5)).

(2.5)

2.2.3.3.2 Determination of organic layers thickness and biomoleculesrface coverage

Mono- and bilayer models to estimate thicknesses of thin organic layersitepor semi-infinite
substrate were presented in my MSc Thesis [19]. They were appliedd¢dlmeaon-homogeneous protein
layers immobilized on silicon substrates coated with organo-silane films. THe @¥&iem is characterized
by three parameters: thickness D of the bottom organic film, thickness d biahmlecular (e.g. protein)
top layer and surface fractional coverage F with proteins (Figure 2.7) .

Figure 2.7: Mono- (a) and bilayer (b) model introduced to analyse aegl@ved XPS data. Characteristic
photoelectrons are emitted by the element B, characteristic for the subsitithtenplar fraction Z;), and
the element A, unique for both the organic film (with molar fractiorpZand thickness D) and biomolecular
(e.g protein) layer (with molar fraction Zand thickness d).
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Thickness estimation is based on the ratio of normalized intensities (equatijyofdbotoelectrons
characteristic for the substrate (B) and bilayer (A) at different tdkarmles. Taking into account equations
(2.3) and (2.5) normalized photoelectron intensities can be written as:

const o —z
+ Cf\nStF/ Zp exp <_Z> dz (2.6)

B Dtd Ap cos ©

const

D —Z
X = 1—F Z —|d
a©) = 21— ) /O » ”p(AAcos@) :

const d —z
F VA — ) d
+ AA /0 A cxp <)\Acos®> ‘

const D+d —z
F 7 —|d 2.7
* Aa /d AB exp()\ACOS@> : 2.7)

where additional parameters are the stoichiometric molar fractions of the dlBr{fegre Si), characteristic
for the substrate (g), and the element A , unique for both the bottom organic filmgYand biomolecular
layer (Z4). Procedure to estimate stoichiometric molar fractions is described in Secti@i3212 In the
model where organic bilayer is deposited on silicon-based surfacer@l¥1s are the characteristic signals
for organic layers.
Taking the ratio of the normalized intensities (equations (2.7) and (2.6)) itayer and substrate

results in:
X4(0)/Z4 B F [1 — eacp< dseceﬂ 4 (%) [1 _ exp( Dsec@)} [1 _ F—i—Feacp( dseceﬂ
Xp(©)/Zp exp (%) {1 *F+F61:p< dsec@)}

(2.8)
Surface coverage F can be determined independently from the AFM OiMNi8easurements [19].
If biomolecular layer is homogeneous=E) equation (2.8) reduces to the simplest form:

xaoyzy _ [1oem ()]« () [oeo (B fem ()]
%OV " e () e () e

B

In monolayer model £ 0 and equation (2.8) can be rewritten to the form:

X4(9)/Zan _ 1—exp (M)
XB(0©)/Zp eap (%sec@)

B

(2.10)

where only D is the fitting parameter. To reduce the number of fitting parammettrs bilayer model the
thickness D of bottom organic layer is estimated from the monolayer model dppligeparate ARXPS
measurements of silicone-based surface modified with organic monolayer.

Parameter d is the XPS thickness of equivalent biomolecular layer with mijfalistributed mass
that justifies effective attenuation of electrons. In reality, the mass is lodailizenolecules distributed
over the surface. Therefore better description is obtained with biomotestuface coverage, which can be
obtained by multiplying d with the biomolecular partial specific volume.
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2.2.4 Time-of-Flight Secondary lon Mass Spectrometry

Time of flight secondary ion mass spectrometry (ToF-SIMS) is one of th& pumilar methods
implemented for detailed chemical surface analysis. This is due to its sensgpétyificity and high mass
resolution as well as lateral and depth resolutions. The main idea of TdB-Bleasurement is to analyse
with time of flight mass spectrometer the secondary ions (positively or netatiharged) identified by
mass to charge ratio (m/z). These ions are emitted when the surface is bethbgrénergetic (keV)
primary ions (for example Bi, Bij, Ga", C/,). Depending on the sputtering conditions, two operating
regimes in SIMS can be distinguished: dynamic (d-SIMS) and static (s-B818S. In d-SIMS higher
ion dose is deposited on the analysed surface, causing surfaceisgytaied therefore d-SIMS is used for
depth profiling or 3D imaging. In s-SIMS the primary ion dose density mustepe llow to prevent each
point of the surface area from being hit more than once. This is fulfilledhf® primary ion dose density
below 103 ions/cnt 2 [21]. Within available time scale less than 1% of the top surface is damagezi[21,
Such working conditions allow to get information on the original compositioncamistry of radiation-
sensitive molecular surfaces from the outermost 1-2 nm layer. This rsgd@sSIMS an excellent method
to analyse biomolecules on solid interfaces.

2.2.4.1 Methods of ToF-SIMS data analysis

2.2.4.1.1 Single Peak Analysis

Secondary ions (positively or negatively charged), identified by masbkdagye ratio (m/z), reflect
chemical composition of examined surface. The ToF-SIMS spectra anmdted by lower m/z peaks and
present fragments of biomolecules rather than whole molecules. Thetdrastic signals are chosen based
on SIMS studies of amino acid homopolymers [23, 24] and nucleobasggosides and nucleotides [25].
Appearance of these signals in secondary ions spectrum gives ewideproteins and DNA or RNA pres-
ence on the surface. However, composition of biomolecules is remarkablgrsand single peak analysis
is, therefore, complicated and sometimes cannot allow to distinguish betwémnewmtifoiomolecules e. g.
two proteins. In addition, single peak analysis might be affected by suciaatamination or matrix effect.

2.2.4.1.2 Principal Component Analysis

Principal Component Analysis (PCA) is one of the multivariate analysis tgaba which is espe-
cially attractive for the analysis of ToF-SIMS spectra of immobilized biomolec€A reduces a large set
of highly correlated peak intensities in ToF-SIMS spectra into scores mldler number of new variables
called Principal Components (PCs). PCs are uncorrelated and aredorebimations of all of the original
variables. Therefore they capture more information than any one of idiearvariables.

PCA analysis allows to differentiate the ToF-SIMS spectra of differentnbiecules immobilized
to the substrate. Wagner et al. presented that spectra from 13 diffeains immobilized to different
substrates could be readily distinguished using PCA [26].

Additionally, it was also observed that the scores on PC are directly reflatdee amount of im-
mobilized proteins [27, 28]. This observation allows to obtain not only quaidtetection of molecular
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presence on the surface) but also quantitative (protein surfacé&yjeesults from ToF-SIMS measure-
ments. Moreover, PCA provides more accurate quantitative results thila pgak analysis [29].

2.2.4.1.3 Principal Component Regression

Although PCA yields quantitative information about surface properties ¢erjace protein density),
the scores on PC are given in arbitrary units. However, the score€aal be given in absolute units,
enabling wider comparison with independent measurements. To this enibRi@omponent Regression
(PCR) method is implemented to obtain correlation between the scores on PG@araldoular surface
density determined in absolute units from other techniques.

Kim et al. present that the scores on PC1 correlate very well with stidptaurface density deter-
mined by SPR or ellipsometric measurements [28-30].
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Chapter 3

Protein adsorption and covalent bonding to
silicon nitride substrate modified with
organo-silanes

3.1 Abstract
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Organo-silanes provide a suitable interface between the silicon-bassduczrs of various biosens-
ing devices and the sensing proteins, immobilized through physical adsgratidor (3-aminopropyl)tri-
ethoxysilane (APTES), or covalent binding, e.g. via protein amine grimu@@sglycidoxypropyl)trimethoxy-
silane (GOPS) modified surface. Immobilization of rabbit gamma globulins tig§&iicon nitride surfaces,
modified either with APTES or GOPS, was examined as a function of incubatioruing Atomic Force
Microscopy (AFM), Angle-Resolved X-ray Photoelectron SpectrpgddRXPS) and Time of Flight Sec-
ondary lon Mass Spectrometry (ToF-SIMS). Multivariate techniquerivicjpal component analysis was
applied to ToF-SIMS spectra in order to enhance sensitivity of immobilizeddigg&ction. Principal com-
ponent regression shows a linear relationship with surface densityrdeef rigorously from ARXPS fol-
lowing an organic bilayer approach, allowing for protein coverage tification by ToF-SIMS. Taking it
overall the surface immobilized amount of IgG is higher and develops fastdre surfaces silanized with
APTES rather than with GOPS. Similar, although less distinct, difference isradis between the two
surface types concerning the temporal evolution of average AFM heili. average height of protein
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overlayer correlates well with ARXPS and ToF-SIMS data expressedtimstef protein surface density.
However, determined linear regression coefficients are distinctivelyehifgh the surfaces modified with
epoxy- rather than amino-silane, suggesting different surface demsitgonformation of the proteins im-
mobilized through to covalent binding and physical adsorption.

Highlights
¢ Protein immobilization compared for Si3N4 modified with amino- and epoxy-silan€arrelated ToF-
SIMS and angle-resolved XPS data yield protein surface covesagerface coverage is higher and devel-
ops faster for adsorption than covalent bondisg\FM height vs. surface coverage relations reflect distinct
packing and conformation.

Keywords
gamma globulins; physical adsorption; covalent bonding; Time-of-Fligieb8dary lon Mass Spectrome-
try; Principal Component Regression

3.2 Introduction

Biomolecular immobilization is an issue important in various fields of biotechnologtycal for
the performance of biomedical implants, biosensors, assay platforms, teenfalatissue engineering, etc.
Different schemes for surface immobilization of biomolecules have beeslaf®d, involving covalent
bonding, physical adsorption or specific (bio)molecular interactionsmttipg on the surface to be modified.

Transducers made of silicon are often modified with organo-silanes intare functionalized with
biomolecules and thus effectively converted to biosensors with high biraditigity and specificity [1-3].
The organo-silanes, available with different functional groups, ghahe physicochemical properties of
silicon surfaces and enable biomolecular immobilization by physical adsor@tidfor covalent bonding.
Amino-silanes, e.g. (3-aminopropyl)triethoxysilane (APTES), increaseatfinity between silicon and
biomolecules [2, 4] and enable physical adsorption. Alternatively,iipgroups present at the surfaces
after silanization with either epoxy-silanes, e.g. (3-glycidoxypropyl)trimegkilane (GOPS), or APTES
allow for the covalent bonding of biomolecules either directly or after anrimteliate functionalization step
with an appropriate biofunctional linker [2, 3, 5].

To evaluate different immobilization protocols it is also important to understandritderlying phe-
nomena starting from a molecular level. Therefore many studies focus prlgiocules orientation, organ-
isation, conformational changes that have an impact on both the kineti¢hafidal outcome of immobi-
lization [6-8]. To this end also immunoglobulin adsorption was examined atugsolution and surface
conditions [9-14], that were found to modify protein orientation [9, 12-atfl hence also antigen binding
on model and biosensor surfaces [12, 14]. Overall conformatiardta of adsorbed IgG can be obtained
with different surface chemistry [11-13, 15] or pH varied around theletric point [9].

Different experimental methods were employed to characterize biomolecutesbilized on the sur-
face of various materials. Atomic force microscopy (AFM) working in nemact mode and in ambient
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conditions is a popular method implemented to analyse the 3-D structure of immolpilizieih overlay-
ers [17-26]. While reliable imaging is easier with ambient than liquid AFM, moleghapes obtained
with both methods can be quite similar [18]. In addition, when AFM cantilever iSmoontact with the
surface, its topology can be acquired without any distortion [22]. Theze@mbient non-contact AFM can
provide information about characteristic vertical [19-22, 25] and |asmles [18, 23] of surface features
corresponding to immobilized biomolecules (or even their subunits [23]) #rabe interpreted based on
known biomolecular dimensions. Unfortunately, AFM does not yield biomddesurface density (except
for very low protein coverage). Therefore, many additional spectquis techniques have been used to
quantify the amount of immobilized molecules [4, 25, 27-31]. In our prewoorks we have presented a
model to determine protein surface density from angle-resolved X-mtpplectron spectroscopy (ARXPS)
measurements. This model, by tracking specific signals from substratéssmalécular layer as a function
of take-off angle, enables quantification of immobilized proteins [4]. Riégahanks to its high chemi-
cal specificity and surface sensitivity, Time of Flight Secondary londvBgectrometry (ToF-SIMS) has
also become an increasingly popular method to examine immobilized biomoleculeFoASIMS is a
very sensitive method so the relative evaluation of molecular concentratg@adlon singular mass signals
might be affected by matrix effects or surface contaminations [29]. Torereto obtain more accurate re-
sults the multivariate ToF-SIMS analysis is used: Principal Component 8isgiCA) identifies, based on
ToF-SIMS spectra, subtle differences in protein coverage betwemusasamples. However, to quantify in
absolute units of protein surface density the PCA scores from the TdS-§pectra, they must be correlated
with the amount of immobilized biomolecules estimated by other methods like surfare@iaesonance,
ellipsometry or isotope-labelling [27, 28, 30, 31]. To this end Principal Gomept Regression (PCR) has
been performed.

In this Chapter, protein immobilization to silicon nitride surfaces modified with two rdiffeorgano-
silanes is compared. In particular, rabbit gamma globulins (IgG) haveitveaaobilized by physical adsorp-
tion or covalent bonding onto §\l; surface modified with APTES and GOPS, respectively, and examined
as a function of the incubation time. Protein surface density was determoraddRXPS measurements
and then correlated with ToF-SIMS data analysed with PCA in order to quambtein surface coverage
with ToF-SIMS. In addition, analysis of ARXPS and ToF-SIMS data rlmadifferences in the immobi-
lization kinetics between physical adsorption and covalent bonding. dtereAFM micrographs not only
revealed nanostructure of immobilized IgG molecules but also correlatiorebataverage AFM height
and protein surface density, determined from ARXPS or ToF-SIMS meamnts, were observed. These
findings reflect distinct packing and conformation of immobilized proteinltiegwvia physical adsorption
or covalent bonding.

3.3 Materials and methods

3.3.1 Materials

Silicon wafers were purchased from Montco Silicon Technologies, (&pring City, PA, USA).
Silicon nitride (SiN,4) surfaces were obtained by a two-step process. FirstlyumXhick silicon diox-
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ide layer was fabricated by low pressure chemical vapour depositiothancan additional 150-nm thick
silicon nitride layer was deposited on the top. The silanes, 3-aminopropi¢xigsilane) (APTES) and
(3-glycidyloxypropyl)trimethoxysilane (GOPS), used to modify silicon stdtes as well as the rabbit
gamma globulins (from rabbit serum, Cohn fraction II, Ill, 99% electaptic purity, product number
G0261) were purchased from Sigma Chemical Co. (St. Louis, MO, USA).

3.3.2 Surface modification and protein immobilisation

SisN4 surfaces were cleaned and hydrophilized with oxygen plasma (usingctiveeion etcher)
applied for 30 s under pressure of 10 mTorr and power of 400 W. Jdeophilized surfaces were then
modified by immersion in a 0.5% (v/v) aqueous APTES solution for 2 min., followeddntle washing
with distilled water, drying under Nflow and curing at 120C for 20 min. Alternatively, the hydrophilized
surfaces were immersed in a 1% (v/v) solution of GOPS in dry toluene antatex for 18 h at room
temperature (RT). After washing with dry toluene and ethanol and treaimantultrasonic bath in ethanol
for 20 min, the surfaces were dried undes fibw. The surfaces modified with APTES and GOPS are
expected to have similar negative zeta potential (as determined for silan&s=dvgth identical value of
-24mV at physiological pH [32]) that should not induce different lwitnar concerning their protein immo-
bilization properties. In turn, in a separate study, surface modified withrtekninated thiols was found to
be positively charged [15].

Rabbit gamma globulins, Cohn fraction I, I, derived from non-immudizgbbits serum (molecular
weight of about 150 kDa, isoelectric point 743(.2), diffusion coefficient = 3.9x 10! cm?/s measured
at pH 7.4 and 20C [33], Stokes-Einstein diameter 2R = 10.4 nm [34]), were immobilized to theizddn
silicon substrates through incubation with a 3@fmL (0.66.M) solution in 50 mM phosphate buffer, pH
7.4, at RT. After incubation for 1, 2, 4 or 22 hours, the samples wertygeashed with 50 mM phosphate
buffer, pH 7.4, and distilled water and dried under fiow to prepare them for AFM and spectroscopic
measurements (in air and vacuum, respectively).

3.3.3 Surface characterization
3.3.3.1 AFRM

Atomic Force Microscopy (AFM) measurements were performed in notacomode using an Ag-
ilent 5500 AFM microscope system. Silicon nitride probes with spring constzmit 2 N/m and resonant
frequencies about 70 kHz were used. The set point and all gaires adgusted to obtain minimal noise
and a clear image of the examined surface. For each sample, topograggesimare acquired at several
randomly chosen locations. The measurements were performed in airambdment conditions (RT).

The vertical structure of surfaces examined with AFM is best descripelebdistribution of height
in topographic images [19, 21] characterized in terms of its mean value asadsprherefore, the average
height(h) and its standard deviation, given by root mean square (RMS) rougjraresdetermined for each
height distribution using the Picolmage software provided with the AFM equipme
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3.3.3.2 XPS

X-ray photoelectron spectroscopy (XPS) spectra were collected astf®V Manchester spectrom-
eter equipped with an Al K radiation source (1486.6 eV, 200 W). Angle-resolved XPS (ARXPSxomea
ments were performed for three different valuel @ and 70) of photoelectron take-off angi@ (with
respect to the surface normal). The operating pressure in the anatyizzaber was less tharx30~8 mbar.
All XPS peaks were referenced to the neutral (C-C) carbon C1s pealbinding energy of 284.6 eV. Spec-
trum backgrounds were subtracted using the Shirley method. The bilage see Section 2.2.3.3.2) used
to determine the thickness of APTES film and the amount of immobilized proteinsdesdescribed in
details in our earlier publications [4]. The procedure to estimate the thicki&z®©BS film is presented
below (Section 3.4.2.1).

3.3.3.3 ToF-SIMS

The surfaces with immobilized 1gG were analysed using the TOF.SIMS 5 TOR-GmbH) instru-
ment, equipped with 30 keV bismuth liquid metal ion gun;f Biusters were used as the primary ions. The
dose density deposited on the surface was identical for all samples aedtimam 18? ion/cn? to ensure
static mode conditions. Positive ion static TOF-SIMS spectra, prior to and@ftaobilization of IgG, were
acquired from three different non-overlapping spots (L0® x 100 ym area). For all spectra the mass
resolution mAm >7300 (at GH5+ (m/z=53) peak) was maintained. Mass calibration was performed with
H+, Ho+, CH+, GHs+ and GH5+ peaks. Principal Component Analysis (PCA) were performed on cho-
sen ToF-SIMS signals characteristic for proteins and substrates uskdgrBolbox (Eigenvector Research,
Manson, WA) for MATLAB (MathWorks,Inc., Natick, MA) to enhance detien of subtle differences in
surface chemistry between different samples. The peaks in eachuspegare normalized by total ion
intensity and mean-centered before running PCA.

3.4 Results and discussion

3.4.1 Two surface types with immobilized proteins comparedising AFM

AFM micrographs provide insight into local arrangement of biomoleculesrgano-silanes mod-
ified silicon substrates. Representative topography micrographsdf, Substrate modified with GOPS
or APTES and incubated with a 0.68M 1gG solution for 1 h, 4 h and 22 h are presented in Figure 3.1.
These micrographs reveal surface features with the apparent psateinf~25 nm. Comparable values
of 24 and 28 nm, respectively, are predicted for adsorbed IgG duetbrtdadening caused by the AFM
tip (with 7 nm radius) for half-spherical [35] and spherical [21] molacshapes (with the ‘real’ radius of
7 nm [20]). The AFM images indicate IgG molecules more loosely packed orotited surfaces modified
with epoxy- rather than amino-silanes. Moreover, the observed 3-Btsteuof protein overlayer seems to
be not affected by the incubation time of APTES modified substrate with the dg@amn. On the other
hand, the protein surface features on the GOPS modified substratescareifyg more densely packed as
the incubation time increases.
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Figure 3.1: Representative AFM images ofI$j surfaces modified with GOPS (a-d) and APTES (e-h)
prior to (a, e) and after incubation with a 0.681 rabbit gamma globulins solution for 1 h (b, f), 4 h (c,
g) and 22 h (d, h), washing and drying. RMS error limits are Standamt Bftthe Mean each determined
from 4-6 images of the same surface.

In addition, the analysis of AFM height histograms provides information atmughness and aver-
age height (Figure 3.2) of an organic layer. For thgNgisubstrates prior to protein immobilization, the
average height of organo-silane layer is 0:8002) nm and 1.00¢0.03) nm for the APTES and GOPS,
respectively. These averages are in accordance with literature vangig from 0.8 to 1.3 nm for APTES
layer deposited from aqueous solution [36] and from 0.75 to 1.1 nm fa&@eposited from toluene solu-
tions [37], and are expected for monomolecular layers. Roughnesarofzed substrates is 0.280.01) nm
for APTES and 0.65£0.02) nm for GOPS.
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Figure 3.2: Mean AFM height of @N4 surfaces functionalized with APTES (open circles) and GOPS (solid
circles) and its temporal evolution during immobilization of rabbit gamma globulinsaulds. Error bars
are Standard Error of the Mean each determined from 4-6 images ofrtieessaface.

Analysis of AFM micrographs after IgG immobilization reveals that the avehaight of an organic
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layer increases constantly with the incubation time for the substrates modifie@@MB$. In particular, the
thickness of the organic layer increases from 2®@) nm to 2.840.2) nm for 1 h and 22 h of incubation
with 1gG solution, respectively. For the APTES modified substrates nondiemee between the incubation
time and the average AFM height is observed, with a constant average h&kghit of about 3 nm for
incubation time larger than 1 hour. In addition, for the longest incubation tiradnY2he thickness of the
organic layer is comparable for both silanes but the roughness is twice fioghgG immobilized to GOPS
(1.6+0.3 nm) than APTES (0-80.1 nm).

AFM data analysis suggests that the process of protein immobilization is fagtéwyfical adsorption
to a surface modified with amino-silane than covalent bonding to a surfac#iedodith epoxy-silane.
Moreover, the adsorbed proteins form a more densely packed s&uctnpared to covalently bound one.

3.4.2 Surface coverage of adsorbed and covalently bound pgeans

Spectroscopic methods (ARXPS and ToF-SIMS) have been implementedandifguithe amount
of adsorbed proteins. Protein surface density is determined from ARRES&ion 3.4.2.1), while subtle
changes in protein coverage are detected with multivariate analysis M&-&ection 3.4.2.2) and then
both data sets are correlated with each other (Section 3.4.2.3). Thesdaodiztid fogether as a function of
incubation time provide an insight into the yield and kinetics of immobilization presasssilicon surfaces
modified either with amino- or epoxy-silane (Section 3.4.2.3).

3.4.2.1 Protein surface density determined with ARXPS

The ARXPS spectra depend on photoelectron take-off aaglleat modifies sampling vertical depth,
and on XPS thickness of organic films, that justifies the effective attenudtfmimotoelectrons. To estimate
the protein coverage of Shl; surfaces modified with organo-silanes the ARXPS data (Figures 3.3 and 3.4
were analysed using the bilayer model of protein overlayer on orgéamedilm (see Section 2.2.3.3.2).
This model allows to determine the XPS thickness d of protein layer, which yseldace density (cover-
age) when multiplied by the protein partial specific volume (0.73/gin For proteins, the XPS thickness
that justifies the effective attenuation of photoelectrons correspondssiguavalent layer with the mass uni-
formly distributed rather than localized in molecular ellipsoids. For the bilayalyais the photoelectrons
from the amine groups (NHand NH}) (N1s core level) and silicon (Si2p core level) were taken into ac-
count as characteristic for protein overlayer or amino-silane/proteindsitaythe SjN, substrate modified
with GOPS or APTES, respectively (see insets in Figure 3.4). To estimateitkeebs D of organo-silane
layers, relevant for the bilayer model, separate data were recordétefsilanized substrates (Figure 3.3)
and analysed with respect to photoelectrons originating from silicon nit8idp) and amine groups (N1s)
or carbon (C1s) present in APTES or both APTES and GOPS, regglgcti

The preliminary step was to estimate the stoichiometric molar fractipngthe atoms emitting char-
acteristic photoelectrons. Based on the ARXPS data for the bajd, Ssubstrate, the value
Zg; = 31.26-1.3)%, averaged for all take-off angles, was determined for silicoris @&n be explained
by the presence of silicone dioxide as indicated by additional XPS datacandda with our previous re-
sults [4]. Then, N (from amine groups) and C molar fractions for APTESewletermined from atomic
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Figure 3.3: The ratio of normalized intensities of the photoelectrons chéasdictéor the organo-silanes
(C1s (a, b) or N1s from amine groups (b)) and thg\gisubstrate (Si2p) plotted (data points) versus the
take-off angle functiorsec © for GOPS (a) and APTES films (b) (see insets). Regression fitting (lines)
provides the thickness D of the films.

concentrations of silanized substrate with no protein overlayers, aefago angles between°tand 70,
(as it was described earlier [4]) yielding values of Zprrs = 4.1&0.2)% and Z2 aprrs= 95.9¢0.3)%,
respectively. This approach was modified for GOPS contributing to exggacentration in excess of sili-
con dioxide, the latter evaluated assuming silicon stoichiometry equal to thd baeedSiN,. As a result,
the value of carbon molar fractionsgops = 94.54.4)% was obtained. C molar fractionsd{Zpres
and Zocops ), higher than predicted from chemical structure of silanes, are adctibthe presence of
adventitious carbon incorporated into the silane brush layers [38, 3@.nrogen molar fraction for IgG
of Znamine = 11% was determined in our previous publication [4].
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Figure 3.4: The ratio of normalized intensities of the photoelectrons chesdictéor protein overlayer (a)
or amino-silane/protein bilayer (b) (N1s from amine groups) formed onitid,Substrate (Si2p) modified
with GOPS (a) and APTES (b) (see insets). Regression fitting (lines) ofidodl data sets (different
symbols for incubation time varied between 0 and 22 h) provide the XPS tlsslafigrotein overlayer d,
which multiplied by the protein density yields the surface coverage.

The structural features of the films were revealed by the ratio of intensitie$ tke characteristic
photoelectrons plotted in a logarithmic form versus the take-off angle fungtic® (Figures 3.3 and 3.4).
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The intensities X calculated using tabulated sensitivity factors, were normalized with repecolar
fractions Z of the atoms emitting photoelectrons (see the axis of ordinates in Figures 334ndrhe
thicknesses D of the epoxy- (Figure 3.3a) and amino-silane layer (F3g8ig obtained from the regression
fitting procedure [4] were 0.940.05) nm for the GOPS layer, and 0.82(.01) nm or 0.7740.01) nm
for APTES layer based on the analysis involving C1s or amine N1s XPS pesplectively. These results
accord with the values determined from AFM (see Section 3.4.1) and theepased earlier [36, 37]. In
turn, the XPS thickness d of the protein overlayer was obtained from gresson fitting performed in
the frame of the bilayer model [4] (see lines in Figure 3.4a, b) for the d#da(different symbols) corre-
sponding to different incubation time. The resulting values of protein saird@nsity are much higher for
adsorbed proteins (from 1.550.05) mg/m to 2.00(:0.04) mg/n?) than for covalently bound ones (from
0.20(0.02) mg/m to 0.55¢-0.05) mg/n?). These values are significantly lower than the value expected for
the area covered by singular IgG molecule with side-on orientation (2.6 fig®ther orientations would
result in even higher surface densities. So the determined values poamsiderable surface coverage with
physically adsorbed IgG in contrast to covalently bound proteins where lmose packing of molecules is
concluded. Temporal dependence of protein surface density foirhotbbilization methods is analysed in
Section 3.4.2.3.

3.4.2.2 Immobilized protein detection with multivariate ToF-SIMS analysis

Silicon nitride surface samples modified with epoxy- and amino-silane havesikesmned with ToF-
SIMS prior to and after protein immobilization due to incubation with a IgG solutior2fio, 4 h and 22 h.
Three different ToF-SIMS spectra were recorded for each sarbgte GOPS and 4 for APTES) of each
series. Representative positive secondary ion ToF-SIMS spectranaitked signals characteristic for the
substrates and IgG are presented in Figure 3.5. Even a brief inspefdti@se spectra reveals that intensities
of NH4+, CHy;N+, GG HgN+ and CHNO+ signals, characteristic for proteins, increase with incubation time.
In turn, decreasing intensity for G+, which is characteristic for GOPS and APTES, and fgH&,
characteristic for APTES can be noticed. This inspection reflects msigesprotein immobilization.

To increase the ToF-SIMS reliability and to enhance detection of subtlegeban protein surface
density, intensities of many ToF-SIMS signals were simultaneously inspedtieid Wrincipal Component
Analysis. For this purpose, 17 different signals unique for the protairita individual amino-acids [40,41]
and 6 signals characteristic for the silanized substrates were choseFatde 3.1). For each series (GOPS
or APTES modified substrates) the intensities of these 23 peaks from rusrerB-SIMS spectra (12 and
15 for APTES and GOPS, respectively) form a large data set, visuaizdéuke points in a 23-dimensional
space. PCA analysis defines the directions of uncorrelated major vasiatitiin such a data set, so called
principal components PCs. The first PC (PC1) captures already 91121%84% of the total variance
in the data for the substrate silanized with GOPS and APTES, respectivalypokh substrate types, the
relation of the first PC with the original variables, i.e. 23 peaks, is prederstehe loading plots (Figure
3.6a, b). In both cases, the PC1 is dominated by the positive loadingsponding to the signals of the
protein, while the negative or close to zero loadings are related with the sthsimstrates. Such loading
plots indicate that the PC1 is a suitable variable to reflect relative proteeceurbncentration.
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Figure 3.5: Representative positive ion ToF-SIMS spectra of thi Surfaces modified with GOPS and
APTES prior to and after incubation with rabbit gamma globulins solution for 22ohours. Signals
characteristic for the rabbit gamma globulins and the substrates are margelideand dashed rectangles,
respectively.

Si;N,/GOPS/IgG SiN/APTES/lgG
T 0.7 T ]
06]@) 1 b)
— § 0.6 ]
é’ 0.54 E S 0.5 i
ﬁ 0.4- p 8 0.4 ]
S 03] 1 5 03] ]
5 o
n_ 02- ~ c 02- -
: goy |l Inl
S 0.1 i o 0.14 H ]
? 00 H H HNH Hﬂ HHHHH ﬂﬂ -g 00 DTI lmﬂlml T |HD|T|H| IHIWH
= . IZ:qﬁlé)Lé)lé)(l)léJl T T T T T 1T I(l)l(l)l m_ -ZI OO0 008(_,]98989988 908-
J o0l FHSHG££8£3£82525 7 205 02] | FRET0ZE075282525 7 204
X U ¥ +TFYFF » ¥ 03 f

Figure 3.6: Principal component analysis (PCA) performed indepelydentwo series of ToF-SIMS data
sets recorded from gil, surfaces functionalized with GOPS (a) or APTES (b), respectively,caated
with rabbit gamma globulins. Loading plots of the first principal componerit p€sent ToF-SIMS peaks
characteristic for the protein and the substrates.

3.4.2.3 ToF-SIMS data correlate with and confirm ARXPS results

To test whether quantitative results concerning protein surface geesn be extracted from the
analysis of TOF-SIMS data, the scores on the first Principal Compareatcompared to the protein surface
density determined rigorously from ARXPS. As it is shown in Figure 3.7 aldmear relation, obtained
from Principal Component Regression, is observed between thessmofeC1 and protein surface density
for both data sets. Therefore, the scores can be rescaled to absotatefyprotein surface concentration
enabling quantification of immobilized proteins with ToF-SIMS.

Protein surface density data, rescaled from (the PC1 scores ofy)[M5-results (solid circles in Fig-
ure 3.8) and determined from ARXPS (open circles) are presented éogetisus incubation time in Figure
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Table 3.1: Characteristic TOF-SIMS peaks selected for Principal Coemp@malysis.

Characteristic ion centre mass surface origin
peak
NH4+ 18.04 1gG
CH4N+ 30.03 1gG (Gly)
CHsNo+ 43.03 lgG (Arg)
CHy;NO+ 44.01 IgG
CoHgN+ 44.05 lgG (Ala)
CsHgN+ 56.05 1gG (Lys)
Cy4HgN+ 68.05 IgG (Pro)
C3H4NO+ 70.03 IgG (Asn)
C4HgN+ 70.07 IgG (Pro, Arg)
C3H302+ 71.01 IgG (Ser)
C4HioN+ 72.09 1gG (Val)
C4HgNO+ 84.04 IgG (GIn, Glu)
CsHioN+ 84.09 IgG (Lys)
CsHiaoN+ 86.10 IgG (lle, Leu)
C4H4NOy+ 98.02 IgG (Asn)
C;H, O+ 107.05 1gG (Tyr)
CsHgNs+ 110.06 lgG (His, Arg)
SiCH; O+ 61.01 GOPS
CrH7+ 91.05 APTES
CH3;O+ 31.02 APTES, GOPS
CsH7+ 43.06 APTES, GOPS
H3;O+ 19.02 substrate (9\,), APTES, GOPS
Si+ 27.98 substrate ($\,4)

3.8a and Figure 3.8b as separate plots for thBl Ssurfaces modified with GOPS and APTES, respectively.
These plots provide an insight into the yield and kinetics of immobilization presgssrformed through
incubation in the same protein solution. Surface immobilization amount of IgG ishagtd develops faster
on the surfaces modified with amino-silane (average values of 1.8 and 2.2 migained after 2 and 22 h,
respectively) rather than with epoxy-silane (0.2 and 0.5 nigafter 2 and 22 h, respectively).

Limited data sets preclude determination of precise parameters describing imataiilizinetics.
However, they allow for some conclusions. First, temporal progress of bitizettion (Figure 3.8a, b)
is not governed by diffusion of proteins toward the silanized surfasedbaerved immobilization rates are
much lower than predicted values (fog B 3.9x 10! cm?/s [33]) and square-root of time dependence does
not fit the data. Second, the data sets in Figure 3.8a and Figure 3.8b Bfevendes in the character of
both immobilization processes reflected in different formulas best desgtiémporal evolution of surface
coverage with proteins. The merged ARXPS and ToF-SIMS data ratdod@rotein immobilized on the



50 3.4. Results and discussion

Si;N,/GOPS/IgG Si;N/APTES/lgG
T T T 0.03 T T T T
g 002l @) L o0e] b)
D 9]
@ o 001
S 001 e}
£ = 0.0
$ 000 g -0.014
5 5 0.02
g -0.01 @ el
(% R=0.9349 (% -0.03] R=09734 |
0.02 et , : : : :
-0.1 00 O.1 02 03 04 05 06 0.0. 0.5 1..0 15 2.0 5
protein surface density (ARXPS) [mg/m?] protein surface density (ARXPS) [mg/m’]

Figure 3.7: Correlation between scores on the first principal compdt@htand protein surface density
from ARXPS determined for the §\l4 surfaces functionalized with GOPS (a) or APTES (b) and coated with
rabbit gamma globulins. This Principal Component Regression allows dbeiprcoverage quantification
by ToF-SIMS. Error bars for protein surface density determined ffd®XPS measurements (the axis of
abscissas) are given by the fitting procedure shown in Figure 3.4r. lars for Scores on PC1 (the axis of
ordinates) are Standard Error of the Mean for n=3.
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Figure 3.8: Effect of incubation time on immobilization of rabbit gamma globulins $bl.Ssurfaces mod-
ified either with GOPS (a) or APTES (b). Protein surface coveragerdated from ARXPS data (open
circles, right scales) and the scores on the first principal compor@&ht($vlid circles, left scales) corre-
sponding to average of 3 TOF-SIMS measurements for each sample ofiies &, b) analysed separately
within Principal Component Analysis. The lines result from regressiondittirdifferent kinetics models.

substrate silanized with GOPS are well fitted (solid line in Figure 3.8a) with aonexjial formula. While
epoxy-modified surfaces are considered as hardly [42] and vemydl3] reactive for direct (intermolecu-
lar) protein immobilization at neutral pH a more effective (intramolecular) lemtdinding mechanism can
be launched for previously adsorbed proteins [42, 43]. Theréfonmgobilization kinetics is most probably
governed here by physical adsorption limiting subsequent covalenhbinth turn, in order to mimic the
data for IgG proteins adsorbed to APTES modified surfaces a formula watlstponents is necessary (see
solid lines fitted to the experimental points in Figure 3.8b). Rankl et al. shomadhe 1gG adsorption
process could be characterized by a two step mechanism, where proteculeslistly adsorb to the sur-
face and then they can either desorb or undergo conformational madid® to an irreversible state [7].
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The analytical formula for the immobilization kinetics within this model, as determinegrisgihasima et
al. [44], is identical to that used to reproduce the data points in Figure 3.8b.

3.4.3 \Vertical extent vs. surface coverage: distinct packg and conformation

An analysis of the AFM determined average height of protein overlayaifasction of surface cov-
erage (Figure 3.9a, b) enables a new insight into surface nanostroftansorbed proteins. To analyse this
issue a schematic model is presented in Figure 3.9c. Taking into accoureitjtet W of a single molecule
(2.49 x 10~ mg) and its dimensions relevant for adsorption, such as thickness H aedkdsurface S,
the ratio of molecular thickness to surface density is expressed as HSiMpiportion, multiplied by
surface density for the area covered with a single protein (with givemtatien) would produce relevant
thickness. It would also relate, when supplemented with the surface fractiovered by proteins (0.92
and 0.55 from geometrical constraints [45] and random sequentiaipdsotheory [46], respectively),
the average thickness of protein layer with actual surface density €~8)@a, b). The complete formula
HS/(Mp) is presented in Figure 3.9c.
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Figure 3.9: Average AFM height of protein overlayer plotted as a funaifqurotein coverage determined
by ARXPS (a) and ToF-SIMS (through principal component regre3gm. The difference in the slopes of
the linear regression lines (a, b) for thgI$j surfaces functionalized with GOPS (solid circles) or APTES
(open circles), respectively, point to different surface proteirkipgcdensityn and conformation (molec-
ular dimensions, H and S) of proteins (c) immobilized by covalent binding (&§®@P physical adsorption
(APTES). Error bars are specified in Figure 3.2 and Figure 3.7.

Detailed Y- or T-shaped IgG structure, with ong (7.0 x 6.3 x 3.1 nn¥) and two F,; fragments
(8.2 x 5.0 x 3.8 nn?), is used [9, 16] to analyse a single molecule with different side-on adeben
configurations (with HS/M = 2.3 and 2.8 - 4.4 nnt/mg, respectively) in order to interpret surface density
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data. A simpler model of globular molecule with the dimensions<22b x 2c (14.5x 8.5 x 4 nnv) [20,
21,26,47,48] is commonly applied [20, 21, 26, 48-50], especially wieeiical structure of IgG overlayers
is analysed from topographic AFM images (convoluted with tip shape) P@&, 48]. This model yields
the molecular ratio 2crfab/M) of thickness to surface density (HS/M = 1.6 nifimmg) that is independent
on protein orientations as all ellipsoid dimensions are in its numerator. The H8{Msvgiven above could
be used to interpret the results shown in Figure 3.9 keeping in mind that theesh#s suggest preferential
side-on or coexisting side-on and end-on orientations for IgG molecdsslzed to surfaces modified with
APTES (see Chapter 4 and Chapter 5) orsNErminated thiols [13, 15], respectively.

The average AFM height of protein overlayer (i.e. the sample height withehe for pure organo-
silane subtracted) is plotted in Figure 3.9 versus the protein surface deeisitynined from ARXPS (Figure
3.9a) and ToF-SIMS (through PCR, Figure 3.9b) for theNgisurface modified with GOPS (solid circles
in Figure 3.9) and APTES (open circles). On both graphs linear relatiesteserved for both GOPS
and APTES data sets. However, linear regression coefficients aesedifffor the two substrates. The
coefficient values for the physically adsorbed proteins, equal to £A4(@) nm.m/mg (AFM vs. ToF-
SIMS) and 1.170.05) nm.m/mg (AFM vs. ARXPS), are both lower than the HS/{Mpredictions for
the idealized case (> 1.6 nn?fmg forn < 1). This finding can be attributed to conformation changes of
IgG molecules during the adsorption process (reducing vertical extefighnolecule). Such changes are
expected and, in fact, included in the two step mechanism that best destrbenmobilization kinetics
data (solid line in Figure 3.8b). In turn, the linear regression coefficiateschined for the covalently bound
proteins are equal to 3.480.13) nm.m/mg and 3.4140.25) nm.m/mg for the analysis using ToF-SIMS
and ARXPS results, respectively. They reflect a loosely packedaudtructure (packing densify<< 1)
that is recorded in the AFM topography micrographs (Figure 3.1b-d).

3.5 Conclusions

To conclude, this study demonstrates the complementarity of AFM, ARXPS@&R&TMS methods
when biomolecules immobilization onto surfaces is investigated and differ&etesen physical adsorp-
tion and covalent binding of proteins are analysed.

Correlation between the scores on PC1, obtained from PCA analysisebMS data, with protein
surface density estimated rigorously from ARXPS allowed for quantificatignotein amount immobilized
to the surface with ToF-SIMS measurements. Moreover, the merged IME-8nd ARXPS data show
different immobilization kinetics of the protein immobilization onto the surface bysgay adsorption and
covalent binding. Kinetics of physical adsorption of IgG molecules is bdiecribed by a formula with
two exponents, as for two-step adsorption model [7, 44], while kineticewdilent binding by exponential
formula, as for adsorption that limits subsequent covalent binding [§2P48tein surface coverage plotted
as a function of incubation time revealed that surface coverage is higtietexelops faster for adsorption
rather than for covalent binding, in accord with literature [42,43].

The nanostructure of immobilized proteins observed in AFM micrographreenthe results ob-
tained from the spectroscopic methods. Furthermore, the correlationdretaverage AFM height and
protein surface density obtained from ARXPS or ToF-SIMS data reflestinct packing and conforma-
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tion of IgG molecules depending on the immobilization method, physical adsomtioovalent binding.
The adsorbed IgG molecules are more densely packed than the covatmmily tnes (what was revealed
by AFM micrographs) but their conformation has changed to a more flatimedhan that of covalently
bound molecules. The presented approach (Figure 3.9) combining ARMPS and ToF-SIMS yields no
readily available information about protein orientation as some ToF-SIMS$estdo [15,51-53]. Instead,
it provides an insight into vertical structure in relation to surface coeeddgrotein overlayer.
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Chapter 4

Characterization of biosensor surfaces with
protein/amino-organosilane/silicon
structure

4.1 Abstract
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Composition and structure of biorecognition protein layers created on silidusirates modified with
amino-organosilanes determine the sensitivity and specificity of silicon dasednsing devices. In the
present work, diverse spectroscopic and microscopic methods yeliechto characterize model biosensor
surfaces, formed on @il, or SiO, by modification with (3-aminopropyl)triethoxysilane, coating with rab-
bit gamma-globulins (IgGs) through physical adsorption, blocking withinegerum albumin (BSA) and
specific binding of an anti-rabbit IgG antibody. In addition, silanized sabess with directly adsorbed BSA
or anti-rabbit IgG antibody were examined as reference surfaces pidtein/amino-organosilane/silicon
structure of all surfaces was confirmed by X-ray photoelectron sgsaxipy. Homogeneity of protein cover-
age was verified with near-field scanning optical microscope, workingfiaation and fluorescence mode.
Surface coverage with proteins was determined with angle-resolved XiR§ a previously established
bilayer approach. Inner structure of protein layers was examined withi@aforce microscopy. Vertical
arrangement of carbon functional groups was revealed by highutespARXPS. Combined spectroscopic
and microscopic data reveal the complex character of interactions with the itir@dibgG molecules dur-
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ing blocking with BSA and immunoreaction with anti-IgG antibody. Within experimleateor, neither
surface coverage nor lateral structural scales of protein layerif@w by Fourier and auto-correlation anal-
ysis of topographic and phase images) increase during blocking pnecedn the other hand, coverage and
all structural measures rise considerably after immunoreaction. In additias found that polar func-
tional groups orient towards substrate for all protein layers, indepdhydof coverage, prior to and after
both blocking and specific binding.

Highlights
e Biorecognition protein layers created on silicon modified with amino-orgamesila Complex impact of
blocking of non-specific binding and immunoreaction with antibodiLateral nanostructures not affected
by blocking but coarsen due to specific bindimg?rotein surface coverage, not increased due to blocking,
rises after immunoreaction.Polar functional groups orient towards substrate for all protein layers

Keywords
Immunoglobulins; Amino-organosilane films; Specific binding; Angle-resbXeay photoelectron spec-
troscopy; Atomic force microscopy; Near-field scanning optical micrpgco

4.2 Introduction

In recent years, silicon-based micro- and nano-fabrication techydilag been successfully com-
bined with biochemistry, enabling fabrication of novel biosensing deviggshigh sensitivity and selec-
tivity. Different sensing principles have resulted in sensors basedff@netht silicon surface geometries,
e.g. hanowires [1], nanoparticles [2], ring cavities [3], cantilevelsviéveguides [5] and porous films [6].
Such surfaces are usually modified with organosilanes carrying chemasailye groups [1-6], such as
(3-aminopropyl)triethoxysilane (APTES), to provide a suitable interfatevéen silicon-based transducer
and immobilized biomolecules. For sensors where the biorecognition molecypedtein, silicon surfaces
with amino-organosilane films should accommodate these molecules in such aaivthethfunctionality
is essentially retained since the sensitivity and specificity of biosensacgsriepends mainly on that. The
immobilization of proteins onto these surfaces can be performed eitherloyrpblysical adsorption or after
some additional functionalization step via covalent bonding. The firsbapghrremains one of the most pop-
ular and efficient ways to immobilize proteins onto solid surfaces despite tteasing number of available
covalent bonding methods. Therefore, the characterization of siliadexces modified with organosilanes
prior to and after immobilization of proteins, blocking of free surface sites aitbn-functional protein and
specific antibody binding is of considerable interest.

The advent and extensions of microscopic and spectroscopic techrtigue enabled precise but
so far rather selective characterization of protein nanolayers, sucbramonly studied immunoglobulins
(IgGs), positioned on amino-organosilane films [7-12]. Atomic force mapyg (AFM) has revealed with
molecular resolution, that lateral IgG nanostructures are changing depetific antigen-antibody bind-
ing [7]. Several AFM studies have shown that such immunoreaction ipesealso the vertical extent of
the protein/organosilane/silicon structure [8, 9] but the IgG thicknessxbabeen determined since the



4.2. Introduction 59

tip-scratch method could not be applied to soft substrates [13]. In @opeveport, we employed angle-
resolved X-ray photoelectron spectroscopy (ARXPS) to determine thargraad thereof the thickness of
IgG proteins adsorbed on APTES modified silicon oxide surfaces [14ptAer spectroscopic techniques,
ARXPS requires a pre-specified lateral uniformity. The homogeneity®fdg amino-organosilane spots
could be examined with near-field scanning optical microscopy (NSOM)fi@ugh recording with meso-
scopic resolution pairs of topographic and optical (e.g. fluorescémeg)es at every single surface area. In
addition, high resolution ARXPS spectra can reveal preferential otientaf functional groups existing to
adsorbed protein molecules towards the substrate [11].
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Figure 4.1. Schematic representation of model immunosengdl, Qir SiO, surfaces modified with 3-

Si,N,, SiO,

aminopropyltriethoxysilane (APTES) and additional protein layer films fortnesuccessive steps of coat-
ing with rabbit IgG (a), blocking with BSA (b) and specific binding of antdoé IgG antibody (c). Silanized
substrates coated with BSA (d) and anti-rabbit IgG antibody (e) areassezference.

In this Chapter, a complete characterization of model immunobiosensocssikfath protein/amino-
organosilane/silicon structure by implementing several spectroscopic andsoupic techniques is pre-
sented. More specifically, the surfaces are characterized with spempio (XPS, ARXPS) and microscopic
(NSOM, AFM) techniques to determine mesoscopic homogeneity, total praiearage (thickness), lat-
eral nanostructures, and vertical arrangement of functional grdapaddition, lateral structural scales are
determined with auto-correlation and Fourier analysis from AFM data indigrly from topographic and
phase images. All these different features were determined for two ¢§gédEon substrates (SKQ SisNy)
modified with APTES, prior to and after the successive steps of immobilizaticabdit gamma globulins
(IgGs), blocking and reaction with an anti-species specific antibody (&), in order to mimic the cre-
ation of protein layers on a silicon transducer surface during immunoreadtie impact of blocking and
specific antibody binding on the molecular arrangement and makeup agbadgarotein layers is explicitly
discussed.
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4.3 Materials and methods

4.3.1 Preparation of biosensor surfaces

The substrates used are silicon wafers purchased from Montco Siledmalogies, Inc. (Spring
City, PA, USA). Silicon oxide surfaces were obtained by low pressuegnital vapour deposition of a
1000 nm thermally grown silicon dioxide layer, whereas through an additi@pmsition of a 150 nm thick
silicon nitride layer the SN4 surfaces were obtained. The amino-organosilane and proteins usedifg mo
both silicon oxide and silicon nitride surfaces were purchased from Sigmaical Co., St. Louis, MO,
USA. Cleaning and hydrophilization of the substrates were performed wjthpem plasma (using a reactive
ion etcher) applied for 30 s under pressure of 10 mTorr and powed®@WW. The hydrophilized surfaces
were then immersed in an 0.5% (v/v) 3-aminopropyl(triethoxysilane) (APEB&&ition in distilled water
for a 2 min, gently washed with distilled water and cured at A2@or 20 min.

Model immunosensor surfaces were prepared in successive stéglowas: (a) coating with IgG
through incubation with a 0.66M rabbit gamma-globulins solution in 0.05 M phosphate buffer, pH 7.4,
for 1 h at room temperature (RT), followed by washing with 0.05 M phosphbaffer, pH 7.4, and distilled
water, and drying under nitrogen stream; (b) blocking of free-proteidibg sites of the surface via im-
mersion in a 10 mg/ml bovine serum albumin (BSA) solution in 0.05 M phosphaterbpH 7.4 (blocking
solution), for 1 h at RT, followed by washing and drying as describexe(c) immunoreaction through
incubation for 1 h with a 0.33M solution of anti-rabbit IgG antibody in 0.05 M phosphate buffer, pH 7.4,
containing 10 mg/ml BSA, followed by washing with 0.05 M phosphate buffidr/p}, containing 0.05%
(v/v) Tween 20, distilled water and drying under nitrogen stream. In addit@farence immunosensor sur-
faces were obtained by incubating the silanized with APTES substrates whtottieng or anti-rabbit 1IgG
antibody solution following the procedures and conditions describedeabov

4.3.2 Microscopic surface characterization

The optical properties of the model immunosensor surfaces at mesoscafgavere analysed in air
at room temperature using a MultiView 1000 (Nanonics Imaging Ltd., Jemsad$eael) microscope with
a reflection NSOM set up. The surfaces were illuminated with a laser ligBtrif4y) using a commercial
(Nanonics) metal-coated fiber probe (nominal apical aperture of 10Gttathed to a quartz tuning fork,
which controlled the probe-surface distance. NSOM topographic images sgcorded simultaneously
with the maps of optical signal. Reflected light was collected by standardtivejéens (in far-field region)
and then was driven to a photodetector. In addition, when the anti-ragjthitihtibody used to detect the
adsorbed IgGs was labelled with the fluorescent dye AlexaFluor488igtitecollected was filtered with
the Olympus barrier filter BA515 placed in front to the photodetector. Thesmofpptical signal were
considered meaningful only when the average intensities were highet®arz (counts per second).

AFM imaging of the model immunosensor surfaces was performed at ambieditions (air, room
temperature) with MultiView 1000 (Nanonics) and Agilent 5500 microscopm&iwg in non-contact mode.
The set point and gains were adjusted to obtain minimal noise and clear imdmgearfalysed surface. For
each sample, topography and phase images were acquired simultandaseshgral different randomly
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chosen locations.

Root-mean-square (RMS) roughness was determined from AFM images the software pro-
vided along with the AFM instruments, but also using the WSxM free softwhdég (downloadable at
http://www.nanotec.es). For each sample its deviations from flat surfacecheracterized by the mean
RMS value, averaged from 4 to 7 topographic micrographs. When thiagey&MS roughness was larger
than 0.4 nm, then meaningful radially averaged autocorrelation functidd beiwcomputed for the analysed
surface. This function was expressed by the double value of its widthiatnaximum (2whm), which can
be considered as a measure for the lateral extent of surface fealtwr@ddition, their 2-dimensional fast
Fourier transforms (FFTs) were calculated from both topographic badepimages. The reversal of wave
vector at the maximum of radially averaged FFT spectra (1/k) was takeclzeracteristic lateral scale of
surface structures visible in topographic or phase images.

4.3.3 Spectroscopic surface characterization

XPS measurements were performed using a VSW Manchester spectromnibtéd W o radiation
(1486.6 eV, 200 W). Angle-resolved XPS spectra were collected feethalues of photoelectron take-
off angle ©® equal to 0, 60° and 70. The operating pressure in the analytical chamber was less than
5 x 10~% mbar. All XPS peaks were charge referenced to the neutral (C-Gpoatls peak at 284.6 eV.
Spectrum backgrounds were subtracted using the Shirley method.

The bilayer model used to determine the thickness of APTES film and the arttbigkiness) of
immobilized proteins has been described in details in Section 2.2.3.3.2 and auprpuldication [11].

4.4 Results and discussion

Spectroscopic and microscopic characterization of model immunosenfaresi(Figure 4.1) is per-
formed from different viewpoints. First, the protein/amino-organosilaliea structure is verified with
XPS (Section 4.4.1). Second, the uniformity of immobilized protein overlayezgdmined with NSOM
(Section 4.4.2). Third, a multilayer extension of ARXPS data analysis is aptpligdantify the amount of
proteins immobilized after the different steps providing insight about tHaseicoverage in Section 4.4.3.
Forth, lateral nanostructures in protein overlayers are examined with (gédtion 4.4.4). And finally,
vertical arrangement of functional carbon groups is determined f@radkin layers through analysis with
high resolution ARXPS in Section 4.4.5.

4.4.1 Protein/amino-organosilane/silicon structure coiirmed by XPS

General analysis of photoelectron spectra is a preliminary step to chrazadte model immunosen-
sor surfaces after the successive steps, i.e., modification with APTES)gwith rabbit IgG, blocking with
BSA and immunoreaction with anti-rabbit IgG antibody. A particularly distinetigsis of these model sur-
faces is provided by high resolution XPS for the silicon nitride substrateigiimé-4.2. In this case, the high
resolution XPS spectra of N 1s core-level consist of the signals deaisii for the SiN4 substrate (bind-
ing energy of 397.5 eV) but also for amine (MF899.8 eV) and protonated amino groups @\AH01.4 ev).
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Figure 4.2: Vertical composition of model immunosens@iNgisurfaces analysed with X-ray photoelectron
spectroscopy. N1s core-level XPS spectra recorded with photamiectampling 8 nm thick regions of
analysed surfaces (sampling vertical depth is reduced to 2.7 nm footbrgle©® = 70° rather than 0).
Distinct contributions from SN, substrates and from amine (Nknd protonated NK) groups are visible,
characteristic for APTES films (a) and for protein overlayers formeddseccessive steps of coating with
rabbit IgG (b), blocking with BSA (c), and specific binding of anti-rallgi& antibody (d).

Silicon surface modification with APTES is performed mainly via APTES hydislfdlowed by
surface condensation reaction with the hydroxyl groups of the hyiliogd silicon surfaces, resulting in a
film with short APTES hydrocarbon chains terminated withJNjoups which point away from the surface
siloxane network [15, 16]. Attached APTES brushes with such an ofientare characterized by the
NH, signal in XPS spectra [17, 18]. An alternative although less effectivgpling mechanism is driven
by protonated amino groups pointing towards (charged) silicon [15]. [Haids to APTES attachment
with reversed orientation (amino groups directed to the surface), manifies¥PS spectra as Ng‘-|signal
[17,18]. The contributions from NHand NHSJF, although less pronounced, are visible in the XPS spectrum
in addition to the dominant g\, line taken for photoelectron take-off angke= 0° (upper envelope in
Figure 4.2a). However, fa® = 70° the sampling vertical depth.Bco of N 1s photoelectrons is reduced
from 8 to 2.7 nm. In this case, the resulting spectrum (lower envelope ind~g@a) shows dominant
APTES line with amine groups oriented away from the substrate, and negligiblebutions from both the
silicon nitride substrate and APTES from reversed orientation;(ONH

The subsequent protein adsorption and detection steps applied to silamipsthte which lead to the
creation of protein overlayer, are reflected in the increased contritniteomine groups in the N1s core-level
XPS spectra at expense of reducegNgiand NH] lines, corresponding exclusively to the substrate and the
APTES film (compare Figure 4.2a and Figure 4.2b-d). Therefore, #etion of protein/APTES/silicon
structure on the examined silicon surfaces is confirmed.

Moreover, the high resolution N1s core-level XPS spectra allow foelmpinary comparison of the
coated surfaces prior to and after blocking and specific antibody bindihg relative contribution of the
NH, line attributed mainly to protein attachment to the surface is slightly reduced duedking with
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BSA, whereas the N, signal is somewhat more pronounced in Figure 4.2c than in Figure 4.2b. This
suggests the blocking procedure can have a more complex effect anfiligesand the already immobilized
proteins than the anticipated coverage of the free binding sites of thesuhfiecontrast, the line from amine
groups is considerably increased and the nitride substrate signal dindnisRégure 4.2d as compared to
Figure 4.2c, indicating that the immunoreaction had a great impact onto tlEEswdmposition as it was
expected from the fact that it leads to the creation of a second protein laye

4.4.2 Uniformity of protein overlayers examined with NSOM

Simultaneous collection of topography and optical signal maps, both with pigfiakresolution,
is the main advantage of surface analysis by NSOM providing a new insightdoal arrangement of
biomolecules on soft organic substrates [12, 19, 20]. In the used NS&Mp (see Figure 2.5), the inten-
sity of light reflected from the analysed surface was recorded alongtepibigraphy as a function of tip
position. The surface was ‘illuminated’ locally with laser light through the sotanNSOM probe with
100 nm aperture, which was kept within a small, sub-wavelength distametfie sample (near field zone),
with the distance controlled by a tuning fork. The scanned intensity of ligitesponds to the complete
spectrum emitted from the analysed surface (‘reflection’ mode, Figueg arxto the fluorescence signal
of AlexaFluor488 labels attached onto the immobilized anti-rabbit IgG antib@idgrescence’ mode, Fig-
ure 2.5b).

Two representative pairs of topography micrographs and scannegiigtenaps of ‘reflection’ spec-
trum are shown in Figure 4.3 for the;8l, surfaces after coating with IgG (Figure 4.3a and b) and blocking
and specific antibody binding (Figure 4.3c and d). A uniform spatial digiohs of light intensity recorded
with mesoscopic NSOM resolution, with image-averaged values (and stbosheldations) of 172(81) kHz
(Figure 4.3b) and 228(50) kHz (Figure 4.3d) were determined, which corresponds to relatredll sur-
face height fluctuations with RMS roughness of 0.3 nm (Figure 4.3a) &nahd (Figure 4.3c), respectively.
Since APTES layers on silicon surfaces are homogeneous and theicesugfre featureless [9, 11], the re-
sults of Figure 4.3a-d indicate the uniformity of protein overlayers. Suamnalgsion is confirmed also by
the NSOM results obtained in the ‘fluorescence’ mode. A pair of topograpld scanned intensity map
of ‘fluorescence’ spectrum is presented in Figure 4.3e-f for the sédnsdlicon surface after subsequent
exposure to the solutions of rabbit IgG, BSA and anti-rabbit IgG antiptbaylater labelled with the fluo-
rescent dye AlexaFluor488. The pair of images shows a uniform film waimgular protein cluster [11]
(the left-lower corner in Figure 4.3e-f), used as a focal point. Extmpthis region, the fluorescent light
intensity is homogeneous with an image-averaged value equal ta-6T8) Hz. This verifies uniformity of
(fluorescently labelled) anti-IgG molecules after immunoreaction.

To conclude, NSOM data confirm the uniformity of protein layers, a préség in order to apply the
bilayer extension of ARXPS data analysis to determine the surface ceweritigproteins.

4.4.3 Surface coverage with proteins determined with ARXPS

Protein coverage of silicon surfaces modified with APTES can be deterrijnadalysis of ARXPS
data using the aminosilane-organic bilayer model. Protein coverage oimpsatéace density can be ex-
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Figure 4.3: Uniformity of surface coverage with proteins determined by MSRxairs of topography and
light intensity maps (the latter corresponding to reflection or fluorescgmeetrsm) acquired for Si©
substrates modified with APTES and coated with rabbit IgG prior to (a anadfter blocking and specific
binding of anti-rabbit IgG antibody unlabelled (c and d) or labelled with Afduar488 (e and f).

pressed, after being multiplied by the protein partial specific volume (0.78ggnby the thickness d of
equivalent protein layer, assuming that the protein is uniformly distributérahan localized in close
packed molecular spheres or ellipsoids [21]. It is this equivalent priger that justifies effective attenu-
ation of photoelectrons, and therefore d can be considered as XPB8abs&c&f protein layer.

4.4.3.1 ARXPS data analysis with bilayer model

The protein/APTES/silicon structure is described by the aminosilane-orgidenyer model, depicted
in the inset to Figure 4.4. The photoelectrons from amine{N399.8 eV) and protonated amino groups
(NH, 401.4 eV) of the N1s core-level are taken as characteristic for bothRRES film and protein layer,
with thickness D and d, respectively, and stoichiometric molar fraction ofttrasemitting characteristic
XPS lines Zyprps and Zyq.mi, respectively. In turn, the photoelectrons from the Si2p core-levid. @
102.7 eV) characterize the silicon substrate with stoichiometric Si molar fragtjon

As value for the molar fraction #,,,,; for all proteins, the atomic concentration (11.0%) determined
from XPS analysis of the bulk rabbit IgG material is taken [11]. This assiamseems reasonable for
several reasons. First, the anti-rabbit IgG antibody should have singitapasition as IgG. Second, the
rabbit IgG (and anti-rabbit IgG antibody) molecules constitute the main coempah analysed protein lay-
ers. Third, the thickness of directly adsorbed BSA layer (refereiscgtistically the same, when the bulk
atomic concentration of BSA rather than of IgG is taken for the calculationygf.Z stoichiometry. The re-
spective molar fractions for APTES and silicon substrate were determimmdcbncentrations of constituent
atoms using ARXPS data for the silanized substrates with no protein ovex|ayeraged fo® angles be-
tween 0 and 70 [11]. This approach yields values of1érrs =5.4(*1.2)% and %; =31.20.6)% for
silanized SiN4, and of Z1prgs =2.6(£0.4)% and Z; =32.51.4)% for silanized SiQ. Low Zspres
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Figure 4.4: Multilayer structure (see inset) of model immunosensor sgrfettaracterized with angle-
resolved XPS. The ratio of normalized intensities of the photoelectronaatkastic for APTES film with
protein overlayer (N1s from NHand NH3+, see Figure 4.2) created on gISj substrate (Si2p) is plotted
versus the take-off angle functicec ©. The slopes of lines result from regression fitting of individual
points and provide the XPS thickness of APTES film and protein overl&anf d, respectively, marked
in the inset). The inset presents the model used to evaluate the ARXPS dad¢hf&i N4 and SiQ.

values, different for the silicon substrate surfaces, are ascribed fréisence at various amounts of adven-
titious carbon incorporated in the APTES films [16,22]. The &stimations are reasonable since the values
accord with, for the SiQ substrate, or are close to, for thg[8i substrate, the nominal stoichiometry of
SiO, surface (33.3%). In the case o8, it is expected that oxygen plasma treatment [23] and subsequent
silanization in aqueous solution [24] result in simultaneous disappeardirgieNoand increase of Si-O
functionality in a nanolayer adjacent to the surface. Formation of suchea igygonfirmed by vanishing
contribution of S§N4 to the N1s core-level spectrum for photoelectron sampling depth redheted 4 nm

(i.e., for take-off angle® > 60°, see Figure 4.2a). This is why the stoichiometry of thg\gisubstrate
determined with ARXPS resembles that of Si€urface.

The normalized photoelectron intensitiesate calculated using the equation (2.5) specified by pho-
toionization cross-sections; [25] and attenuation lengthk; [26]. The structural features of the prote-
infAPTES/silicon multilayers are revealed by the ratio gfokthe photoelectrons (see Figure 2.7 and inset
to Figure 4.4) characteristic for APTES film with protein overlayer (N1sifidH, and Nl—g, element A)
and for silicon substrate (Si2p, element B), calculated by the formula:

Xovams(©)/Zyami_ |1 =70 (55m)] + (%) [ —eow (R2) | [eor (55220) ],

oo cap (2552 eon (S55°)

for bilayer model (see also Section 2.2.3.3.2) .

The ratio of photoelectron intensities is usually plotted in a rearranged logreiform versus the
take-off angle functiosec ©, as it is shown in Figure 4.4. There are two reasons for this. First, the slop
of the rearranged formula depends on the total bilayer thickness (D withedpnd, the theoretical (nearly
linear) regression fitting of the data in such plots must always start atitfie of coordinate axes, therefore
limiting the number of independent data point required. The thickness D 8RAES film was determined
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in separate ARXPS measurements performed for the two types of silanizeoh silicfaces, for Sipwas
D=0.8 nm and for SNy D=0.7 nm. These D values are typical for monomolecular APTES film [15].
With the D values known, the XPS thickness d of protein overlayer remainanilyestructural fitting pa-
rameter of Equation (2.9).

4.4.3.2 Determination of protein coverage

The ARXPS data, shown in Figure 4.4 for thgl$j surfaces, were fitted with Equation (2.9) to
yield the values of the XPS protein thickness d. The resulting d valuesaesented as surface coverage
of protein layer for silanized $N4 and SiQ in Figure 4.5a and b, respectively.
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Figure 4.5: Protein surface coverage determined from ARXPS datdnebttiom silanized SN, (a) and
SiO, (b) substrates coated with BSA or anti-rabbit IgG antibody (referendaces) or rabbit IgG. The
latter surfaces were blocked with BSA, and reacted with anti-rabbit IgBady (model immunosensor
surfaces). Error bars are given by the fitting procedure desciibéigure 4.4.

The exposure of the silanized and IgG coategNgisurface to the BSA solution results in a slight
decrease of protein surface coverage from#t®{) mg/n? to 1.5¢0.1) mg/n? (Figure 4.5a). This sug-
gests not only adsorption of BSA molecules to the surface sites remainm@fter IgG adsorption, but
also partial exchange of some loosely bound IgG globulins with BSA moleontgish are smaller (with
dimensions 14 nnx 4 nm x 4 nm [27] compared with 14.5 nm 8.5 nm x 4 nm [8] for I9gG). Thus
after blocking the protein thickness (coverage) of silanizgtl Ssurfaces decreases compared to that prior
to blocking (see Figure 4.5a). Such conclusion is in accord with the resulthd SiQ series (see Fig-
ure 4.5b), with surface coverage of H1.1) mg/nt and 1.2¢-0.3) mg/n? prior to and after, respectively,
the blocking procedure. In this case, the combined result of coverinfygbesurface sites with BSA and
remove of loosely adsorbed IgG molecules leads to statistically indistinguispadikin layer thickness
prior to and after blocking.

In contrast to marginal increase or decrease in protein coverage tifGeoated silicon surfaces,
resulting from blocking procedure, their subsequent exposure tontiveadbit IgG antibody solution in-
duces a dramatic270% in average) increase in protein coverage reaching the value(ef044) mg/nt
for the SgN, surface (Figure 4.5a) and of 3240.4) mg/n? for the SiQ, surface (Figure 4.5b). This implies
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an increase in surface coverage of 2:6(5) mg/nt and 2.2¢-0.7) mg/n# for the SN, and SiQ surfaces,
respectively, when the anti-rabbit IgG antibodies bind to already addadbbit IgG. On the other hand,
the direct adsorption of the anti-rabbit IgG antibody resulted in an ageragerage of 1.2¢0.1) mg/nt

and 0.7¢0.1) mg/n? for the SEN, and SiQ surfaces, respectively, that are comparable with the values
determined for the adsorbed rabbit IgG. This difference can be asctibthe fact that the directly ad-
sorbed molecules undergo structural deformation during the adsorptiorss leading to “flattening” of
the molecules as compared to their shape in solution. The anti-rabbit IgG neslelcawever, retain their
natural size to a greater extent since they do not interact directly with lidessoface.

To evaluate additionally how the blocking procedure modifies the exposlg&ecovered surfaces to
anti-lgG antibody solution we have performed test experiments for silafig@dsubstrates: They showed
an increase in protein surface coverage-6t4 mg/nt for the non-blocked IgG layers exposed to anti-lgG
antibody, as compared to the increase of 2.2 mMgdimserved for the IgG-covered surface blocked with
BSA. This shows that blocking is inevitable to separate immunoreaction freoratibn.

The SN, and SiQ substrates have similar final surface composition, as revealed by ARS€e8dn
4.4.3.1). However, their silanization, although performed at identicalitonsd, resulted in APTES films
with different composition. Results suggest that the protein coveragibe ailanized SiN4 surfaces are
slightly but systematically larger that those of the silanized,SiGbstrates (cf. relevant columns in Figure
4.5a and b). This is induced by somewhat different composition of APTES:feated on these surfaces,
as suggested by the highef Zrg s fraction value for the SN, surfaces rather than for the SiOnes. The
composition impact of APTES film on protein surface density has been pwdim additional experiments.
The silanized SiN4 substrates with reducedizr s value (~1.7%) exhibited protein coverage comparable
to that observed for Si

4.4.4 Lateral structure of protein overlayers examined withAFM

While the overall uniformity of protein layers was indicated by NSOM microgd&ection 4.4.2),
their inner structure is revealed by AFM. Representative topographygraphs of the model immunosen-
sor surfaces created on silanized S#nd SgN,4 substrates after coating with 1gG, blocking with BSA and
binding of anti-rabbit IgG antibody are presented in Figure 4.6. Thetsteiof protein overlayer can be de-
scribed as a random set of surface features, with specified afeetgee size and average distance between
the features. Apparent IgG molecule radius of 23.5 nm [28] or 18 nnis[pfedicted due to broadening
caused by AFM tip (with 20 nm radius) for assumed spherical or halésgdl, respectively, shape of ad-
sorbed 1gG globulin with ‘real’ radius of 7 nm. In turn, intermolecular spgahabout 17 nm or 23 nm
is suggested by surface coverage data for the, ®I0SkEN, surfaces, respectively, assuming a value of
2.5 x 10716 mg for the weight of single IgG molecule and an idealized hexagonal molemuargement.

The inner structure, visible in AFM images, can be also expressed by thewvake of root mean
square (RMS) roughness of the surfaces. Even such a simple measureveal interesting features. In
particular, for both substrate types, the RMS roughness is statisticallyffaotesl by blocking procedure
but only by immunoreaction as it is shown in Figure 4.6. A closer look at Figuea-c and Figure 4.6d-f
confirms this observation with respect to both the average size of sudeaege as well as to the typical
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Figure 4.6: Lateral topographic structure of protein layers determinedAfiM for silanized SiQ (a-c)
and SiN, (d-f) substrates after coating with rabbit IgG (a and d), blocking with Bi$and e), and specific
binding of anti-rabbit IgG antibody (c and f). RMS roughness error limitsstandard deviations, each
determined from 5 images of the same surface.

distance between the features.

To determine quantitatively the impact of blocking and specific binding on ther istnucture of
protein overlayer we have applied autocorrelation and Fourier analygis thFM data obtained from the
SiO, surfaces (see Section 2.2.1.1 for details). The double-value of the widihifemaximum, 2whm,
of radial averaged autocorrelation provides a measure of the sizentlegfdopographic surface feature
(Figure 4.7a). In turn, reversal of wave vector at maximum, (1/k), dfataaveraged power spectrum
provides a measure of the distance between the features observed patpafiny (Figure 4.7a) and phase
(Figure 4.7b) AFM images. The determined values of lateral scales ofipmiterlayer inner structure are
presented in Figure 4.7c. All three structural measures show the saoedétblocking and immunoreaction
steps on the inner structure of the adsorbed IgG layer. Within error themg are hardly affected by the
blocking procedure but are considerably increased by the spedifioeyp binding.

Let analyse in details the lateral scales presented in Figure 4.7. The 2wtbnt ef topographic
features of immobilized 1gG (16-19 nm) accords with apparent radius@figlecule (18-23.5 nm). How-
ever, the characteristic scales (1/k) of phase (28-25 nm) and topog(@&d-65 nm) structures of immobi-
lized IgG are somewhat larger than the spacing (17 nm) suggested bgesgdverage data. In addition,
the Fourier lengths from topography are twice larger than those frorsepmécrographs. This suggests
that topography AFM images show modulated height of random surfaaegaments of immobilized 1gG
molecules.

Hardly any effect on the three lateral structural scales due to blocka®yolserved. This can be
ascribed to the fact that during this step apart from adsorption of BSAculete to the free surface sites
partial exchange of BSA and IgG molecules also occurs (comparablecirsiept for one dimension [8,
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Figure 4.7: Topography (a) and phase (b) AFM micrographs of protenayers on silanized Si{illus-
trated after coating with anti-rabbit IgG antibody) and (c) characteristie i surface structures, (1/k) (left
axis, open and gray columns), determined by Fourier analysis (réeérgave vector at maximum of radial
averaged power spectrum), and spatial extent of topographic eddatures, 2whm (right axis, dark grey
columns), calculated by autocorrelation analysis (double-value of widlilfamaximum of radial averaged
autocorrelation). Error bars are standard deviations, each deterfrone& images.

27]), as itwas concluded in the discussion of surface coverageSkttign 4.4.3.2). In contrast, the specific
binding of anti-rabbit IgG antibodies to the immobilized rabbit IgG molecules iesacdramatic rise in all
structural scales: the size, expressed by 2whm, was increased 3326 and the distance (1/k) between
the surface features by165%. These values can be considered along with the even largersedrea
surface coverage by proteins §280%. A distinct increase upon immunoreaction of the size of the surface
features has been reported recently for a human IgG/anti-human IgGdntitteraction [7]. In our case,
comparison of the changes in both vertical (surface coverage) amdl l@&hm, 1/k) features magnitude
allows an additional insight. The rise in the surface coverage and in th2vwgima of surface features reflects
formation of antigen-antibody complexes, but these complexes are ma¢donomogeneously across the
surface since the distance (1/k) between the surface features alsasesr This might be due to the fact
that some surface features correspond to BSA rather than IgG molethles the anti-rabbit IgG binding

to the immobilized IgG molecules occurs in a cluster like way rather than as a hosmgelayer across the
surface. This finding is in accordance with the observations of othestigators concerning the creation
of “protein islands” during adsorption of IgG molecules onto solid sudd@®]. In addition, IgG can
receive a variety of orientations during their adsorption onto a surfackrig to variations in protein layer
thickness across the surface [30,31]. Thus, the calculated cevef&jO; (1.1(+0.1) mg/n?) and SiNy4
(1.9&0.1) mg/nt) with immobilized IgG can be compared with the values of 10.1, 5.6 and 2.8 fng/m
for the areas covered by singular IgG globulins with head-on, endidrsiae-on orientation, respectively.
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This suggests an immobilized 1gG side-on orientation without, however, @rgluttad-on and end-on
orientation at least to some extent.

4.4.5 \Vertical arrangement of polar functional groups revaled by ARXPS

Previously preferential orientation of specific (polar carbon) funetignoups towards silicon (SiQ
SigNy) substrates modified with APTES, observed with XPS and ARXPS for tharlaeis layers of rabbit
IgG has been reported [11]. Here this aspect is examined for all modelriwsrasor surfaces (Figure 4.1).
Especially helpful is the analysis of high-resolution ARXPS spectra ofaheescore-level, where different
peaks that correspond to the same element in various functional groupisamigribute to a different extent
when analysed as a function of photoelectron take-off aBgl&uch an analysis is performed for the C1s
core-level spectra, and illustrated in Figure 4.8 for the model immunossugaces formed by adsorbing
rabbit IgG on silanized SN, after blocking with BSA (Figure 4.8a and b) and subsequent specifilirgn
of anti-rabbit IgG antibody (Figure 4.8c and d). The C1s envelope eardplved into four contributions
referred to neutral carbon (C-C) at 284.6 eV and three peaks with md@iectron environment positioned
at 282.1 eV (C-Si), 286.0 eV (C-O, C-N) and 287.9 e\=HQ, NC=0). When the take-off angl® is
increased from Oto 70°, then the contribution of polar O- and N-containing carbon groups to tlee C1
envelope is visibly reduced in both cases (Figure 4.8a, b and c, d).
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Figure 4.8: Vertical arrangement of functional groups analysed wigearesolved XPS. C1ls core-level
spectra recorded from model immunosensor surfaces with photoekeetitmsampling vertical depths of
8.7 nm and 3.0 nm for take-off angl® = 0° and 70, respectively. Distinct contributions of polar, N©
and C-O or C-N, and non-polar, C-C and C-Si, carbon groups aitdezifRepresentative data (a and b) and
(c and d) correspond to situations in Figure 4.2c and d, respectivel§.itEnsities were rescaled to their
maximal values to enable easier comparison between different contributions

The effect manifested in Figure 4.8 is expressed quantitatively in the fbinaational contribution of
polar (O- and N-containing) carbon groups to total carbon concentrdétermined for two take-off angles
0 = 0° and 70, and plotted in Figure 4.9 for all model immunosensgNgisurfaces as a function of their
protein layer XPS thickness d. Consistent decrease in the abundapokaiotarbon groups, observed for
each d value when the vertical sampling depth is reduced (higheindicates that the polar groups are
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always located preferentially closer to the silanized silicon substrate (seetmFigure 4.9). The solid
lines sketched in Figure 4.9 are a guide to eye and reflect merely photoalattenuation modified by XPS
thickness of protein layer.
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Figure 4.9: Fractional contribution of O- and N-containing carbon palaugs to total carbon concentration
determined for silanized 8, substrate as a function of XPS thickness d of protein overlayer. Coroparis
of the data obtained for photoelectron take-off arigle- 0° (open square, higher sampling depth) and 70

(solid circle) indicates that the polar groups (shaded areas in the inedtjcaited preferentially closer to
the substrate. The solid lines are a guide to eye.

The results presented in Figure 4.9 accord with previous observatisabsifate-directed orientation
of specific functional groups, which is preserved for the same protdependently of the surface coverage
[32,33]. As a completely novel observation, the data in Figure 4.9 shawhiharientation effect is not only
independent of surface coverage, but it is also visible prior to andladth blocking and specific antibody
binding. These observations are not unexpected, since the pitétogientation of polar functional groups
towards polar substrate is observed for adsorbed rabbit IgG andtB&Ait should be also preserved during
adsorption phenomena taking place during blocking of the IgG coateatssrivith BSA [34,35]. Similarly,
the preferential orientation, observed for adsorbed rabbit IgG atidabbit IgG antibody, should prevail
in the immunocomplexes of rabbit IgG with anti-rabbit IgG antibodies.

4.5 Conclusions

To conclude, combined spectroscopic (XPS, ARXPS, high-resolutioX83 and microscopic
(AFM, NSOM) analysis has enabled complete characterization of the modelipsensor surfaces (Figure
4.1), created by adsorption of a protein/antigen (rabbit IgG) on silicolaces (SiQ, SisN4) previously
modified with an amino-organosilane (APTES), prior to and after blockirin BSA) and immunoreaction
(with anti-rabbit IgG antibody). The multilayer protein/amino-organosilanegsilgtructure of the surfaces
is confirmed with high resolution XPS.
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Mesoscopic uniformity is concluded, based on micrograph pairs of tapbgrand light signal pro-
vided by NSOM, the latter with image-averaged intensity values larger thakHZ0for whole spectrum,
or 600 Hz, for fluorescence spectrum of the labelled antibody.

Lateral nanostructures, recorded with AFM are characterized by Rid§hness, the size 2whm of
surface features (from auto-correlation) and the distance betwean(iie) (from the Fourier analysis) in
topography and phase images, independently. It was found thatathasures do not, within experimental
error, increase due to blocking procedure but rise considerablyspiéeific antibody binding.

Exactly the same conclusion stems from the analysis of protein surfaceagevéhickness) data,
provided by ARXPS analysis of Sgsurfaces. This finding indicates that during the blocking procedure
apart from adsorption of BSA molecules to the free surface sites sigttifioke plays the partial exchange
of immobilized 1gG for smaller BSA molecules. This is further supported by ttase coverage data
obtained from the SN,substrates.

In turn, the study of immunoreaction effect for the Si@odel immunosensor surface, shows rises in
the size of surface features 2whm+%90% and the distance between them (1/kMN#65%, accompanied
by even larger increase in protein surface coveraggB80%). Apparently antigen-antibody complexes are
not formed at each feature existing in the blocked surface since somesef sarface features correspond
to BSA rather than IgG molecules.

The surface features visible in topography AFM images reflect modul&igtitof random surface
arrangements of protein molecules. This is suggested by the fact thatuhierfengths of topography are
twice larger than those of phase images. This shows also that phase irbégjasain this study are not
merely clearer topographical images.

Preferential vertical arrangement of polar functional groups tosvaotar (silanized silicon) substrate
is observed with high-resolution ARXPS for all protein nanolayers, ieddpntly on surface coverage,
prior to and after blocking and specific antibody binding. This orientatifecefs preserved not only for
nanolayers of different proteins (BSA, 1gG, anti-IgG antibody), digb for their mixtures (IgG with BSA)
and immunocomplexes (IgG with anti-IgG antibody).

These findings demonstrate the potential of the combined use of differectrgscopic and micro-
scopic methods to throw light on protein layer arrangements on silicon ssréad thus help to improve
the performance of silicon based biosensors.
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Chapter 5

Model immunoassay on silicon surfaces:
vertical and lateral nanostructure vs.
protein coverage

5.1 Abstract
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To provide complete characterization of immunoassay on silicon biosenaces, atomic force mi-
croscopy, (angle-resolved) X-ray photoelectron spectroscogytiare-of-flight secondary ion mass spec-
trometry were applied to examine;8i, surfaces modified with (3-aminopropyl)triethoxysilane, coated with
gamma globulins (IgG), blocked with bovine serum albumin and then reactedaniithgG antibody for
two complementary pairs (rabbit and mouse IgG) at various concentrgfions0.3 nM to 330 nM). Pro-
tein coverage, as reflected in (amine to total N1s) XPS signal ratio andrdie¢el from ARXPS, decreases
slightly due to blocking and then increases monotonically for anti-lgG antibodgentrations higher than
1 nM. AFM images reveal hardly any change of lateral nanostructuegalblocking but response to an-
tibody solutions, based on both the mean size (from autocorrelation) anchaat spacing (from Fourier
analysis) of surface features, similar to that given by ARXPS. AFM hdigitograms provided information
about the vertical nanostructure and the parameters of height distriljatierage height, spread - rough-
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ness and skewness) were distinctly influenced by coating, blocking andriareaction. Average protein

layer thickness values determined based on protein structure (molecugdnt, wBmensions) and surface
coverage provided from ARXPS were in accord with average heightadéin layer determined from AFM.

ToF-SIMS analysis indicated that BSA blocks free surface sites andditi@ureplaces some already ad-
sorbed IgGs.

Highlights
e Immunoassay performed for 2 antigen-antibody pairs and varied ambaintilbody.e ARXPS and AFM
reveal protein coverage and its vertical and lateral nanostruceukéeasures of AFM height distribution
substantiate coating, blocking and immunoassalrotein structure and coverage yield average thickness
in accord with AFM heighte ToF-SIMS indicates BSA blocking free sites and replacing part of &esbr
1gGs.

Keywords
Immunoglobulins; Amino-organosilane films; Specific binding; Angle-resbXeay photoelectron spec-
troscopy; Atomic force microscopy;Time-of-flight secondary ion masstspaetry

5.2 Introduction

Due to the specificity and selectivity of recognition between antigen and dgtiltomunoassays
are exploited routinely in diagnostic laboratories. Recently, silicon-basewnand nanofabrication tech-
nology has enabled construction of immunosensors,where the antigeaelnibimding takes place at the
surface of silicon transducers [1-4]. To provide a suitable interfaicén& biomolecules, the silicon surface
is frequently modified with amino-organosilanes [1, 3]. After the immobilizatiothefspecific recogni-
tion biomolecules, free surface sites are blocked, usually with non-furattproteins, to limit non-specific
binding of targeted analytes [3,5-7].

Model antigen-antibody binding reactions between immobilized gamma globui® @nd sec-
ondary anti-species specific antibody (anti-IgG) have been examinedateithic force microscopy [6, 8—
11]. Even a single specific recognition event has been discriminatedrfomrspecific binding in situ by
acquiring AFM images at the same spot before and after analyte injectiom[Blost of the AFM studies,
however, the examined surfaces are covered with a large number oflbmries, a situation more elevant
to operative biosensors. Nevertheless, in all cases, the antigenentilmmplexes were characterized only
fragmentally by the determined changes in either the average size [9] arettagya height [6, 10] of surface
features manifested in AFM images (recorded in liquid [8,9] or air [6,1]), 1

In previous Chapter, in order to provide a more direct insight about Hexutar layers created onto
biochips within multistep procedures, silicon surfaces have been examittedfM in air after silaniza-
tion, immobilization of IgG, blocking and specific binding reaction (see Sectibd) In addition, to allow
for a more complete characterization, the local AFM analysis has been ategimeith spectroscopic in-
spection (see Sections 4.4.1 and 4.4.3). For instance, lateral nanasiriezitures determined from AFM
images (such as the mean size and dominant spacing of surface feataresjupplemented with pro-
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tein surface coverage, determined rigorously from analysis of the sanfiaeas with angle-resolved X-ray
photoelectron spectroscopy (ARXPS).

In this Chapter, the above approach (Chapter 4) is extended to study th@ imonunoassays, based
on recognition between anti-lgG antibody and the respective 1gG, ascéidn of anti-lgG antibody con-
centration. In particular, rabbit or mouse 1gGs have been immobilized ontcoait@ine-modified silicon
nitride surfaces and after blocking probed with the respective antiespepecific antibodies. AFM in-
spection revealed not only the lateral but also the vertical nanostruafttire biomolecule modified silicon
surfaces. The AFM histograms of height distribution provided three meastfimaged surfaces, namely
the distribution’s mean value (average height), spread (roughnedzgjsgmmetry (skewness). As it was
expected, these measures were greatly influenced by the contributidsnudlecules attached to sub-
strate after the successive immobilization, blocking and immunoreaction stepsspécific (e.g. blocking)
and specific (effective immunoreaction) bindings were clearly distingdisfiegether with the data about
lateral nanostructure (from AFM) and protein surface density (frdRXRS), the experimental results pro-
vided a coherent picture of the biomolecules attachment and distribution iiotm surfaces during the
performance of immunoassays. In particular, it was found that the gevéinickness of organic overlayer
predicted based on protein surface density calculated by analysis oPARMéta correlates well with the
average height of surface features determined by AFM, signifyingdhptementarily of these two meth-
ods for complex surfaces characterization. In addition, the data fromdirfigtht secondary ion mass
spectrometry (ToF-SIMS) revealed two separate processes takirggdqalaag the blocking step, i.e. BSA
adsorption on the free surface sites complemented by desorption ofdgQGHte surface.

5.3 Materials and methods

5.3.1 Biosensor surface preparation for model immunoassay

The silicon substrates used are silicon wafers purchased from MoiliconSTechnologies, Inc.
(Spring City, PA, USA). 3-Aminopropyl(triethoxysilane) (APTES), rihlgG; globulins Cohn Fraction
I, 1) and mouse (mlgG; globulins Cohn Fraction I, 1) gamma-globulinfinay purified polyclonal anti-
rabbit IgG and anti-mouse IgG antibodies produced in goat against tbke wiolecule, and bovine serum
albumin (BSA; Cohn Fraction V) were purchased from Sigma Chemical €d_o8is, MO, USA.

Silicon nitride (S§N4) surfaces were obtained by deposition of a 1000-nm thick thermally grown
silicon dioxide layer followed by deposition of a 150-nm thick silicon nitride fay€leaning and hy-
drophilization of the substrates were performed with oxygen plasma (us@agtve ion etcher) applied for
30 s under pressure of 10 mTorr and power of 400 W. The hydroptiiszdN, surfaces were then modified
by immersion in 0.5% (v/v) aqueous APTES solution for 2 min, gentle washing wsthled water and
curing for 20 min at 120C.

Model immunosensor surfaces were prepared in successive stiiowas: (a) coating with rabbit
(rlgG) or mouse (mIgG) gamma-globulins through incubation with a 660 nMdgl@tion (in addition, a
33 nM rlgG solution was used to complete the ToF-SIMS data) in 0.05 M pladsiuffer, pH 7.4, for 1 h
at room temperature (RT), followed by washing with 0.05 M phosphatebyfH 7.4, and distilled water,
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and drying under nitrogen stream; (b) blocking of free-protein binditeg ®f the surface via immersion in
a 10 mg/ml BSA solution in 0.05 M phosphate buffer, pH 7.4 (blocking solution)l. h at RT, followed by
washing and drying as previously. The surfaces were then reactedmtitlyG specific antibodies through
incubation with anti-rabbit IgG or anti-mouse IgG antibody solutions (rasgedyg for surfaces coated with
rabbit or mouse IgG) in 0.05 M phosphate buffer, pH 7.4, containing 10 mB8#, for 1 h at RT. The
surfaces were then washed with 0.05 M phosphate buffer, pH 7.4,icioigt®.05% (v/v) Tween 20, and
distilled water and dried under nitrogen stream.

The stability of gamma globulins adsorption onto APTES-madified silicon nitridaceyras well as
the stability of immunocomplexes formed through reaction with antibodies agabisit or mouse gamma
globulins have been tested using fluorescently labelled reagents and supthitiaurfaces to extensive
washing and/or to chaotropic solutions. Other results indicate that both the ifinaibdn of rabbit or
mouse gamma globulins through adsorption and the subsequent couplimec@dssspecific antibodies are
extremely stable (data not shown).

5.3.2 AFM surface characterization and image analysis metids

The AFM imaging of silicon nitride surfaces corresponding to the diffestayis of model immunoas-
says has been performed in air using an Agilent 5500 microscope warkiran-contact mode. AFM can-
tilevers (probe type PPP-FMR, Nanosensors) with force constanNéfn2 resonant frequency of 75 kHz,
and AFM tips with standard beam shape and small radius (<7 nm) wereTsedet point and gains were
adjusted to obtain minimal noise and clear images of the analysed surfacesadhcsample, topography
and phase images were acquired simultaneously at several randonmiy ¢boations.

Surface vertical nanostructures were specified using the paraméteesgbt distribution in a to-
pographic AFM image, such as the average heighit,(the distribution’s mean), the root mean square
(RMS) roughness, R(the distribution’s spread), and the skewnesg, @he distribution’s asymmetry).
In addition, lateral nanostructures were also described based oroaetation and Fourier analysis of
topographic and phase images. The relevant parameters of surdageefewere provided by the doubled
width-at-half-maximum, 2whm, of radial averaged autocorrelation functlmnféature’s mean size) as well
as the reciprocal of wave vector (1/k) at the maximum of radial averag#ithensional fast Fourier trans-
form (dominant spacing between the features). The vertical and |a@rameters were determined from
AFM micrographs using the WSxM scanning probe microscopy softwandqed by Nanotec Electronica
S.L. [12] (http://www.nanotec.es).

5.3.3 XPS and ARXPS surface characterization

X-ray photoelectron spectroscopy measurements were performed ais&i&yV Manchester spec-
trometer equipped with an Al & radiation source (1486.6 eV, 200 W). Angle-resolved XPS spectra wer
collected for three different values®(60° and 70) of photoelectron take-off angl@, which is defined as
an angle between normal to the surface and the axis of the XPS analyseiTlem operating pressure in
the analytical chamber was less thar 30~® mbar. All XPS peaks were charge referenced to the neutral
(C-C) carbon C1s peak at 284.6 eV. Spectrum backgrounds wetasied using the Shirley method. The
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aminosilane-organic bilayer model used to determine the thickness of APIvEShfi the amount (effective
XPS thickness) of immobilized proteins has been described in details in Se@i@i32 and our earlier
publications [13].

5.3.4 ToF-SIMS surface characterization

To examine with ToF-SIMS the effect of blocking procedure as a funafanitial surface coverage
with rlgG, the samples were analysed using the TOF.SIMS 5 (ION-TOF Grmsittiment, equipped with
a 30 keV bismuth liquid metal ion gun. Bclusters were used as the primary ions and the ion dose density
was kept at levels lower than T0ion/cn? to ensure static mode conditions. High mass resolution spectra
were acquired from sample spots corresponding to areas gfh0® 100 m. For all spectra the minimal
mass resolution (n¥m) at C;Hs+ (m/z = 53) peak was above 7400. Mass calibration was based on the H+,
Ho+, CH+, GHso+ and GH5+ peaks.

5.4 Results

All surfaces of SiN4 substrate modified with (3-aminopropyl)triethoxysilane (APTES) were exam-
ined prior to and after each step of the model immunoassays involved in thiskstudFM and ARXPS.
The surfaces were coated with rabbit (or mouse) gamma-globulins (&g@)non-specific binding was
blocked with bovine serum albumin (BSA). Then the surfaces were expmssolutions of anti-lgG anti-
body to allow for specific binding with the immobilized IgGs. In case of rabli/gnti-rabbit IgG different
concentrations of anti-IgG antibody (0.3 ni™ ¢ < 330 nM) have been used, whereas in case of mouse
IgG/anti-mouse IgG a single antibody concentratios=(830 nM) was applied. If not otherwise stated, the
results for the two complementary pairs are presented in the same plots anslatigdean symbols for the
rabbit and mouse IgG, respectively.

5.4.1 Protein surface coverage reflected by XPS and determad from ARXPS

The multilayer structure silicon/APTES/protein of the silicon oxide and silicon eisidfaces coated
with IgG has been studied in Chapter 4 using XPS and ARXPS to examine tlaeesdrior to and after
both blocking with BSA and immunoreaction with anti-IgG antibody. The mesdsaopformity of the
protein overlayer has been also confirmed by near-field scanning lopticascopy (see Section 4.4.2).
Here, photoelectron spectroscopy was applied to evaluate, along withaxB®letermine in combination
with ARXPS, surface coverage with protein of silicon nitride surfaces mabifigh an APTES film.

The XPS spectra of N1s core-level consist of both the signals chestictéor the SiN,4 substrate
(binding energy of 397.5 eV) and for amine groups @\NBB9.8 eV, and protonated NH401.4 eV) present
in the APTES/protein bilayer (see Section 4.4.1) and [13]. Thereforerati® of overlayer (NH and
NH:‘{) to total nitrogen concentration,,\;../N, determined from XPS can be used as a measure of surface
coverage by the bilayer. With the,N;../N value for pure APTES film (6.8%) in mind, this ratio reflects
also protein coverage. The,N;../N ratio is plotted in Figure 5.1a (left scale) as a function of secondary
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antibody concentration and compared with the situation prior to immunoreactimgll@d ‘+BSA' on the
axis of abscissa) and just after adsorption of gamma globulins (labell&d.Ig
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Figure 5.1: (a) Protein coverage of silicon nitride surfaces expresséte ratio of amine to total nitrogen
concentration derived from the XPS N1s spectrum (diamonds, left)seald determined from ARXPS
as protein surface density (circles, right scale) plotted against theggitahtibody concentration ¢ and
compared with surfaces after IgG adsorption (labelled ‘IgG’) and litackvith BSA (labelled ‘+BSA).
Solid and open symbols are for the series with rabbit and mouse IgGctieshe (b) The ARXPS ratio
of normalized intensities of photoelectrons characteristic for amino-osgane/protein bilayer (N1s from
NH, and NH;) and SiN4 (Si2p) plotted versus the take-off angle functigie ©. Lines mark results
of linear regression analysis yielding XPS thickness of APTES and prizteén (D and d, respectively,
marked in the inset). The latter, multiplied by protein density, yields proteincidansity. The error bars
for protein surface density (a) are given by the fitting procedureriiestin (b).

The ARXPS spectra depend on photoelectron take-off adgthat modifies sampling vertical depth,
and on XPS thicknesses of APTES film (D) and protein layer (d), that yustd effective attenuation of
photoelectrons (see the inset to Figure 5.1b). The XPS thickness d, ishegiivalent to a protein layer
with uniformly distributed mass, is directly related (after being multiplied by protemsiy, 1.37 g/crf)
with the density of proteins covering the surface.

The structural features of the APTES/protein bilayer are revealed byatlweof intensities X of
the photoelectrons characteristic for the aminosilane-organic bilayerf(bihsamine groups) and silicon
substrate (Si2p), that is plotted in a logarithmic form versus the take-ofé dagctionsec © (see Figure
5.1b) [13]. The intensities X calculated using tabulated sensitivity factors [14, 15], are normalized with
respect to molar fractions; 0f the atoms emitting photoelectrons [13] (see the axis of ordinates on Figure
5.1b). The Z values for all used proteins (11%) have been determined in previous glidnidsee also
Section 4.4.3.1), while that for APTES angSj, is obtained from the ARXPS data for the surface with no
protein overlayer [13].

The data points, marked in Figure 5.1b with different open and solid syntes[sectively, correspond
to immunosensor-like surfaces after subsequent modification steps @ilaniwith APTES, immobiliza-
tion of rabbit rigG, blocking with BSA) as well as after exposure of thesgaces to solutions of different
anti-rlgG concentrations (ranging from 0.3 nM to 330 nM). The slopeashdndividual data set, always
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starting at the origin of coordinate axes, depends on the total bilayer tsiekBewith d). The thickness
D of the APTES film, as determined in separate ARXPS measurements, is equalhim (in accord with
results presented previous Chapters). With the value of D known, thet{&®ess d of protein overlayer
remains the only fitting parameter of the linear regression fitting equation §&28)Jection 2.2.3.3.2). The
resulting values of protein coverage (surface density) are plotted imd-tgia (right scale) as a function
of anti-lgG concentration and compared with the values after IgG adsortioelled ‘IgG’) and blocking
with BSA (labelled ‘+BSA), respectively.

5.4.2 Immunosensor surfaces examined with AFM

The inner structure of the protein overlayers is revealed by topograpdiphase AFM micrographs.
Representative topography images recorded prior to and after the im@aation corresponding to the
different concentrations of anti-rlgG antibody are shown in Figure bti& imaged protein overlayers can
be described as random sets of surface features. Similar conclusiore arawn for phase images (not
presented).

Figure 5.2: Representative AFM topographic micrographs recordegilémized SiN, after adsorption of
rabbit 1gG (a), blocking with BSA (b), and specific binding of anti-raldbi® antibody from solutions of
different concentration c (c-f).

5.4.2.1 Lateral nanostructure of protein overlayer

To examine quantitatively the lateral nanostructure of protein overlaytcarrelation and Fourier
analysis was applied to the AFM micrographs, as suggested in Section 4.grdvadus Chapter. The
double of width at half-maximum, 2whm, of radial averaged autocorrelationigies a measure of the
mean size of topographic surface features. In addition, the recipobegve vector at maximum, (1/k),
of radial averaged power spectrum provides a measure of the dorsjpegihg of the features observed in
the topography and phase AFM images. The determined values of laterslireg@f the inner structure



82 5.4. Results

of protein overlayer are presented in Figure 5.3 (left scale for (1)t scale for 2whm) vs. the anti-IgG
antibody concentration and in relation with the situations prior to immunoreactibellgd ‘+BSA on the
axis of abscissa) and just after adsorption of gamma globulins (labell&d.lg
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Figure 5.3: Lateral nanostructure parameters of biomolecule modifiét, Surfaces. Characteristic spac-
ing (1/k) (left scale) and mean size of surface features 2whm (rigt¢sdetermined from topography and
phase contrast AFM images plotted as a function of antibody concentratsmlidt and open symbols are
for the series with rabbit and mouse 1gG, respectively). The initial valoegspond to IgG coated surface,
while those labelled ‘+BSA to the blocked surface. Error bars are stahdeviations, each determined
from 5 images of the same surface.

5.4.2.2 \Vertical nanostructure of protein overlayer

The vertical structure of surfaces examined with AFM is best descripeledistribution of height
in topographic images. Representative height histograms of AFM micriogjr@gorded prior to and after
immunoreaction are shown (with their individual height scales) in Figure-&.4Bhe contributions from
the molecules used for silanization and coating (IgG on APTES, Figure, bléaking (BSA, Figure 5.4b)
and imunnoreaction (anti-lgG antibody, Figure 5.4c) are illustrated schaihatidth separate Gaussian
curves centered at different heights. These contributions changeéhall height distribution in terms of
its mean value, spread and asymmetry. Therefore, to characterizeustotbe vertical nanostructure of
immunosensor-like surfaces, these three parameters are determinadhfdristogram: average heigfb,
standard deviation frorth) given by root mean square roughnegs &d asymmetry specified by skewness
R, (positive or negative for the longer histogram tail on its right or left sidspectively).

The mean values of these parameters as determined from the AFM heiglgtdmssoare plotted in
Figures 5.5a and 5.5b against the anti-IgG antibody concentration andasftlat to the situations prior to
immunoreaction. In addition, the average height (left scale of Figure, 3334 roughness (right scale of
Figure 5.5a) and skewness (Figure 5.5b) can be also compared withube garresponding to the silanized
substrate withh) = 0.83 nm, R = 0.22 nm and zero R, respectively.
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Figure 5.4: Representative height histograms (with individual heighesc&om AFM micrographs of
SisN4 substrates silanized with APTES after coating with rabbit IgG (a), blockiitig BSA (b) and im-
munoreaction with anti-rabbit IgG antibody (330 nM) (c). Contributionstduabbit IgG and APTES, BSA
and anti-rabbit IgG antibody are illustrated schematically with separate @auggves. Deviations from
flat surfaces are characterized by average hélghstandard deviation frorth) (RMS roughness B, and
asymmetry (skewness;R positive or negative for longer right or left side tail of histogram, eztpely).
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Figure 5.5: Vertical nanostructure parameters of biomolecule modifiddl, Surfaces as determined from
AFM height histograms (see Figure 5.4). Mean values of average higig(ieft scale in (a)), root mean
square roughness;,Rright scale in (a)) and skewnesg;Rb) are plotted as a function of anti-lgG antibody
concentration and compared with the initial value of IgG coated surfacktret corresponding to the
blocked surface ( ‘+BSA). Error bars are standard deviationsh datermined from 5 images.

5.5 Discussion

5.5.1 Biosensor surface prior to immunoassay

The surface modification with proteins through adsorption of gamma globulifs iy, modified
with APTES was quantified taking into account the substrate composition cifiegpéy the molar fractions
of silicon in the substrate, & =33.6(1.3)%, and amine nitrogen in APTES filmyZrgs =1.7(0.3)%,
determined by ARXPS. For the adsorbed rabbit and mouse 1gG, the pansgirdensity values determined
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by ARXPS were 1.25£0.15) mg/n? and 1.4¢-0.2) mg/n?, respectively (Figure 5.1a). These values are
comparable with the value of 1:£0.1) mg/nt, determined in a previous Chapter for rabbit IgG adsorbed to
SiO, silanized with APTES, with 4prps =2.6(+0.4)% and £; =32.5(1.4)%, respectively. This finding
confirms earlier conclusions that the silicon substrate composition, eitiiér@iSiO,, has small impact on
immunoglobulin adsorption (see Chapter 4). The determined surface deon$#idsorbed rabbit and mouse
IgG (1.25-1.4 mg/m) are lower than the value expected for an area covered by singular inghobitin

with side-on orientation (2.6 mgAj while the other orientations (end-on, head-on) would result in even
higher surface densities. This suggests partial but sizeable sudaeeage with adsorbed 1gGs with a
side-on orientation that results in low surface coverage [16, 17].

Adsorbed gamma globulins (rabbit or mouse 1gG) form surface nambstas (Figure 5.2a), de-
scribed as randomly distributed features corresponding to a topograxteist 2whm of 16 nm (Figure
5.3), comparable with the apparent IgG radii of 14 and 12 nm, resplctiMeese values are the adsorbed
IgG radii predicted due to the broadening caused by the AFM tip (with 7 wiasiafor spherical [11] and
half-spherical [9] molecular shapes (with ‘real’ radius of 7 nm [1®ur the E (or Fy;) subunits of 1IgG
(‘real’ radius of 4 nm [18]) the radii expected from both models are sama¢ smaller (11 and 8 nm, respec-
tively). On the other hand, the spacing (1/k) between the features @8), obtained from topography
(57-59 nm) is two times larger than that calculated from the phase image® @72 This suggests that
topography AFM images show modulated height of immobilized IgG molecules cior@avith previous
conclusions (see Section 4.4.4). In addition, the spacing (1/k) determynibe Iphase images doubles the
topographic size 2whm. If the latter is related with the radius of IgG, then a piciuthe surface with
partial but sizeable coverage emerges in accord with the conclusiorstrdate coverage analysis.

The blocking procedure, which involves incubation of the surfacetedoaith IgG with a high con-
centration BSA solution, reduces the surface coverage with proteinis effect, visible already in the
amine to total nitrogen concentration (Figure 5.1a), is quantified based &iP8Rlata (Figure 5.1b) as a
33% and 22% reduction of the initial coverage of 1.4 mg{mouse 1gG) and 1.25 mg/{rabbit 1gG),
respectively. Taking into account previous results (see Section 4.thatxhow hardly any change of total
protein area density for surfaces with lower initial coverage (1.1 mgfmabbit IgG), this finding suggests
that the outcome of blocking with BSA depends on initial surface coverddge. To further analyse this
issue, we examined with ToF-SIMS surfaces modified with rabbit IgG thr@agorption from solutions
of two different concentrations (33 and 660 nM), both prior to and dftecking with BSA. The results
are presented in Figure 5.6 as uniform (after adsorption) and hatelfted ljlocking) columns, respec-
tively, and correspond to the normalized intensities of specific secommasycharacteristic for the amino
acids [19, 20] present both in IgG and BSA. While the surfaces with Hg® coverage (obtained using
a 660 nM solution for coating) show again blocking-induced reductiontaf twotein surface density, the
surfaces with much lower initial coverage (obtained using a 33 nM rigQGisaldor coating) manifest a
huge increase of protein coverage upon exposure to BSA solution.inflidisites two dominant processes
taking place during blocking, BSA occupying mainly the free surface sttearéaces with low coverage,
and additionally replacing part of adsorbed IgG molecules at surfaiteigher protein density.

Recent experiments show that proteins can change their adsorptionrfemersible to reversible,
when a critical surface coverage is reached [21]. Similar behaviolg®fmolecules in the presence of
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Figure 5.6: ToF-SIMS intensities of secondary ions characteristic fiaems: (a) GH2N+ (from lle and
Leu [19,20]), (b) GH1gNO+ (from Tyr [19, 20]) and (c) ¢HgNO+ (from Glu and GIn [20]), normalized to
the total ion intensity, as determined foiRj; surfaces silanized with APTES (reference values for 0 nM
concentration) after rigG adsorption from 33 nM and 600 nM solutiongdum columns), respectively,
and subsequent blocking with BSA (hatched columns). Error bardardard deviations determined from
the ToF-SIMS intensities.

BSA solution is suggested for a critical coverage value-of.1 mg/nt . Above this value, the surface
left by desorbed IgG molecules can be populated by BSA. IgG molecui#s i@minal dimensions of
14.5 nmx 8.5 nmx 4 nm [10]) and BSA (with nominal dimensions of 14 rid nm x 4 nm [5]) can form
monolayers of adsorbed molecules with side-on orientation and experint@nkaless of 5 nm [5,17] and

4 nm [5], respectively. Since IgG and BSA are comparable in size &koepne dimension, their partial
exchange should lead to a visible reduction of total protein coveragenpesved by less distinct (vertical)
change in surface nanostructure. In fact, hardly any effect on tke thteral structural scales is observed
(see Figure 5.3). Both the mean size 2whm of topographic surface deatul dominant spacing (1/k)
of the features visible on topography and phase AFM images are notdattareng blocking. However,
the three parametergh}, R,, R,;) of vertical nanostructure, determined from AFM histograms of height
distribution (cf. Figure 5.4a and b) are affected by blocking. In partictii@ average heighh) is reduced
(Figure 5.5a, left scale), the distribution’s spread (RMS roughngpslightly increased (Figure 5.5a, right
scale), and the skewnesgiRncreased from zero to positive values (Figure 5.5b) - reflecting histogra
with longer right-hand tails. The reason for all these changes in ver@eaistructure is the incorporation
of smaller BSA molecules into IgG overlayer. The height distribution determioednmobilized BSA
by surfaces coated directly with BSA is symmetric, with lower mean and spralads/as compared to
IgG. The schematic illustration of the BSA and IgG contributions in Figure S¢ptags their impact on
height distribution after blocking. Intriguing relation between AFM heightrtbation, protein structure
and surface coverage with proteins is discussed below in the Section 5.5.3.
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5.5.2 Immunoassay on biosensor surface

Specific binding between immobilized IgG and anti-lgG antibody from solutidtisincreased con-
centration is manifested as a raise in protein coverage as it is presentediia &ifja with respect to the
situation prior to immunoreaction (zero anti-lgG antibody concentration)a&eiicoverage with proteins,
as detected by the changes in XPS (N1s core level) signal ratig,gf,NN, builds up with concentration
c. These changes are visible for anti-rlgG concentrations equal igleeitthan 3.3 nM. The ARXPS data,
relying on angle-dependent ratio of XPS signals from different elemseésn less sensitive, since increase
is observed for concentrations ¢ equal to or higher than 33 nM. Nalesth the ARXPS data can provide
the absolute values of protein area density which cannot be determined®yn€asurements [13] (see also
Sestion 2.2.3.3.2). For the rabbit IgG/anti-rabbit IgG antibody pair, tfaceidensity of proteins increases
from 1.1E0.1) mg/n? to 3.4(0.3) mg/nt as the antibody concentration increases from 0.3 nM to 330 nM.
It should be noted that an area density of 2.4 nfg(reached at e- 100 nM) corresponds to a monolayer
of densely packed (92% density) gamma globulin molecules with side-on ditenta

This monotonic increase of surface coverage with antibody concensagiunal to or higher than
3.3 nM (Figure 5.1a) is accompanied by a similar increase of lateral naons&parameters (see Figure
5.3). The mean size 2whm of randomly distributed topographic featuresaises during immunoassay from
16.00.2) nm to 30.9€4.0) nm. In addition, the spacing (1/k) of the features, grows from 2811 nm
to 58.3(£2.3) nm as determined by the phase AFM micrographs, and from-56.3) nm to 103¢-25) nm
as determined by topography images. This approximately two-fold incréake awhm value of surface
features reflects a progressive formation of antigen-antibody congpl@i®o, the characteristic scales (1/k)
of both phase and topography images are roughly twice larger after imsamoapparently, some of the
imaged surface features must correspond to BSA or gamma globulins withatiges blocking or limiting
the specific binding.

Immunoreaction of immobilized 1gG with the anti-IgG antibody results also in drabtioges of
vertical nanostructure. These changes are reflected in the paraofatezsAFM height histograms which
are clearly modified after immunoreaction with antibody concentrations highar3t8 nM (Figure 5.5).
Such changes in the vertical structure are expected, since the anigiimgbsites of adsorbed gamma
globulins (with preferred side-on orientation) are located above the sldrsiticon level (see sketch in
Figure 5.7b). In addition, the attached anti-lgG antibody molecules, in ntadsorbed immunoglob-
ulins, are less prone to conformational modifications. There are two stagies immunoassay-induced
variation of vertical structure parameters (Figure 5.5). First, the redi@amtibody concentration ¢ up to
33 nM corresponds to a distinct increase in both the mean vétieand spread (B of height distribution
accompanied by skewnesg,Reduced to zero. Second, for antibody concentrations equal to aertiggn
33 nM a somewhat halted growth of both average hefghtind roughness Rand negative skewness are
observed. The height histogram of AFM micrograph recorded forltf@® modified surfaces after reaction
with an anti-rigG antibody solution of 330 nM is presented in Figure 5.4c. Wtieathat the height dis-
tribution is dominated by the anti-IgG antibody contribution, with very small inpunfthe adsorbed IgG
and BSA (see outlined schematically Gaussian curves), resulting in lorfgerdiibution’s wing. This
height histogram reveals also the critical point at which the AFM tip stopsrietpete the deeper regions of
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protein/APTES overlayer. This suggests complete formation of a contimuotein layer, expected from
ARXPS to take place around~¢ 100 nM, when a side-on orientation of immobilized gamma globulins is

assumed.

5.5.3 Nanostructure vs. protein coverage

New insight into a model immunoassay on silicon nitride surfaces can be gahmedthe surface
nanostructures, with their lateral and vertical parameters determined\dimages and AFM height dis-
tributions, respectively, are analysed as a function of surface ageevith proteins, evaluated by ARXPS.
The results of such an analysis are presented in Figure 5.7a foresidaated with rabbit (circles) or mouse
IgG (diamonds). The plotted values of the mean size of surface featwten 2open symbols, right scale)
show a monotonic albeit scattered relation with protein coverage, refleeftogyit for two data points) pro-
gressive build up of antigen-antibody complexes. The high spreaduds/ass mainly due to the two points
with the lowest feature size, corresponding to adsorbed rabbit andenigGs which upon blocking are
shifted to the respective points with reduced abscissa (protein sudas#yj but almost the same ordinate
(2whm).
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Figure 5.7: (a) Vertical (average heigfit), left scale) and lateral (mean feature size 2whm, right scale)
nanostructure parameters (from AFM) ofSj surfaces coated with rabbit (circles) or mouse IgG (di-
amonds) plotted against protein surface density (from ARXPS). Solid linkarthe average overlayer
thickness expected from the model depicted in (b). Error bars areasthddviations, specified in Figure
5.1 and Figure 5.3.

More revealing is the relation between the average AFM heflghtind the surface coverage with
proteins. Therefore, for more accurate analysis model describecttin®$8.4.3 have been applied. The
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observed monotonic dependence in Figure 5.7a with solid symbols (lef) sealde correlated with the
protein structure, i.e. the weight M of a single molecule and the dimensions Z2ax 2c of ellipsoid
describing the immobilized molecules shape. The ratio of globular thickness toutaslearface density
is expressed as 2a@b/M) (see Figure 5.7 b). Please note that this formula is independent of ifrradb
protein orientations, as all ellipsoid dimensions are in its numerator. In additiemmatio of thickness to
area weight density calculated for immunoglobulin (IgG and anti-IgG, with KI3@ molecular weight),
1.69 nm.m/myg, is almost the same as that of BSA (with 66.4 kDa molecular weight), 1.73 7mgn
Therefore, practically one value characterizes all types of biomolepudsent at the silicon surface. This
ratio multiplied by the surface density corresponding to the area covereawsitigle protein (with given
orientation) would provide the relevant globular thickness. In addition,rétie multiplied by the actual
surface coverage with proteins yields the average thickness of thégeoter. The predicted values, after
the addition of the APTES film thickness (known from ARXPS) are preskeatea solid line in Figure
5.7a. This line matches quite well with the average AFM he{ghtata (solid symbols), except for the last
point which corresponds to anti-rlgG antibody concentrations higher168 nM, where AFM tips stops
to penetrate the continuous protein/APTES overlayer.

5.6 Conclusions

To conclude, combined local microscopic (AFM) and global spectrasdofPS, ARXPS) anal-
ysis of biosensor-like surfaces (silicon modified with amino-organosilaR€ES) has been extended to
all the steps of an immunoassay, using antibody concentrations extendindpay orders of magnitude
(0.3 nM < ¢ < 330 nM, for two complementary IgG/anti-IgG antibody pairs).

AFM detection of specific binding at biosensor-like surfaces with largelrar of biomolecules can
be quantified by autocorrelation and Fourier analysis of AFM topograpltyphase images in terms of
lateral nanostructure parameters. Following this approach, the formdtantigen-antibody complexes is
detected for antibody concentrations equal to or higher than 3.3 nM. Siraitaitivity was demonstrated
by XPS. ARXPS seems less sensitive (signals statistically different fromagibody concentration are
obtained for concentrations 33 nM) but on the other hand it can provide information about absolute
surface coverage (area density) with proteins that the other two metaodetc

In addition, the AFM height distribution parameters (mean-average hgighgpread - roughness,R
and asymmetry - skewness;R provide complete, often neglected, information on vertical nanostructure
that enables additional analysis of the biosensor-like surfaces priagrdt@féer immunoreaction. These
parameters resolve non-specific binding, due to blocking with BSA, fimegific binding due to antigen-
antibody interactions for concentrations higher than 1 nM.

Synergic examination of nanostructure and protein coverage, espebw@liglation of average AFM
height vs. the protein surface density, enables surface analysisimyplrotein dimensions but also weight
of a single molecule. The average protein layer thickness determined takingcicount both the protein
structure and surface coverage is in accordance with average Aighthe

Spectroscopic examination (ToF-SIMS) of biosensor-like surfaces fw immunoassay indicates
that BSA not only blocks free surface sites but in addition replaces sdswlzed IgGs especially at the
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surfaces with high protein coverage.
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Chapter 6

Immobilization of capture oligonucleotide
probes on silicon biosensor surfaces using
biotin-streptavidin system examined with
microscopic and spectroscopic techniques

6.1 Abstract
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A strategy to immobilize capture oligonucleotide probes on silicon biosensacgsif based on
streptavidin-biotin system, is examined with Atomic Force Microscopy, AngleeRed X-ray Photo-
electron Spectroscopy and Time-of-Flight Secondary lon Mass $peetry for four immobilization ap-
proaches applied to SiOmodified with (3-aminopropyl)triethoxysilane. The first approach invohass
sorption of biotinylated bovine serum albumin BSA, blocking free surfétes svith BSA, reaction with
streptavidin, final immobilization of biotinylated oligonucleotide. Alternatively,ée@nd approach the last
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two steps are exchanged with immobilization of (streptavidin-biotinylated olideatide) conjugate. The
third approach consists of adsorption of streptavidin, blocking with BSRAimmobilization of biotinylated
oligonucleotide. Whereas the fourth approach involves a direct immobilizati(atreptavidin-biotinylated
oligonucleotide) conjugate. Surface coverage with biomolecules, detetmgorously from ARXPS, ac-
cords with average AFM height of organic overlayer, and is anti-tated with intensity of Si+ secondary
ions. These measures show also the highest surface density of bioleslfmuhe last two steps of first
and last step of second approaches. These surfaces with proteges thean other biomolecules, anchored
to other pre-adsorbed proteins exhibit also higher surface roughiiég effectiveness of oligonucleotide
immobilization is indicated by phosphorus ARXPS atomic concentration equald@ 0.4%,~ 0%, 0.2%,
for the first, the second, the third and the fourth approach, resplgctivesitive and negative secondary
ions, characteristic for oligonucleotide (Ade-H-), streptavidin (Tri8ABLys) and all proteins (Ala), allow
additional insight into overlayer composition. They verify the ARXPS resuit$ show the superiority of
the first two approaches in terms of streptavidin and oligonucleotide ctratens.

Highlights
¢ 4 approaches immobilize biotinylated oligonucleotide using biotin-streptavidierays Methods ap-
plying pre-adsorbed biotinylated BSA show superior by ARXPS and SOFS. ¢ TOF-SIMS gives multi-
molecular (proteins, oligonucleotide, substrate) composi#d@omposition accords with molecular cover-
age (ARXPS) and average height (AFM).

Keywords
oligonucleotide probes; streptavidin-biotin system; Time-of-Flight Seagrida Mass Spectrometry; Angle-
Resolved X-ray Photoelectron Spectroscopy

6.2 Introduction

Immobilization of detecting biomolecules to biosensor or microarray surfaagnisrally a multi-
step process. Supervision of effectiveness of each step of eurfadification and functionalization is a key
factor to obtain a required amount of detecting molecules immobilized to the surfac

To enable detection of different genetic mutations a proper immobilization ofralijeotide probes
to biosensor transducer or microarray surface is necessary. Taothdifeerent immobilization approaches
were tested. Most of them are based on modification of 5-end of olideatides by attaching differ-
ent chemical groups, especially thiol- or amine- groups. Such terminatezhatitpotides are covalently
bounded directly to gold surface or to silicone-based surface modifieddifiignent organo-silanes [1-4].
Alternatively, some approaches exploit modification of 5’-end with biotintaed strong affinity to strepta-
vidin or avidin [5-8]. Mir et al. reported that streptavidin underlayer minimizen-specific binding when
exposed to solution of negatively charged nanopatrticles or streptaitiditposes surface anti-fouling char-
acteristics in comparison to thiolated DNA brushes [6]. However, orientafistreptavidin molecules has
to be controlled due to their influence on oligonucleotide probes orientattbdemsity [5].
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Testing different approaches as well as examination of the quantity of immexbitiigonucleotide
probes is a key point to improve sensitivity of microarrays and biosensbesmost popular method to char-
acterize the amount of immobilized oligonucleotide probes before and atteidiaation is based on fluo-
rescence tagging [1,3,7-9]. However, in multi-steps proceduresqtresmeely important to examine surface
after each step of surface modification and, finally, after oligonucleotioleepimmobilization. Therefore,
many experimental methods are used to evaluate surface propertiesiafiessve biomolecules immobi-
lization. The most popular method providing insight into surface arrangeoshénmobilized biomolecules
is Atomic Force Microscopy (AFM). However, to evaluate changes ontlface and to discern different
immobilized biomolecules after each successive step of surface modificapieatroscopic methods are
very helpful.

Time of flight secondary ion mass spectroscopy (ToF-SIMS) and Xshejoelectron spectroscopy
(XPS) are two commonly used methods to characterize biomolecular laye8axdPangle resolved XPS
(ARXPS) measurements yield information about atomic composition. Especialjyetiable to determine
phosphorus signal characteristic for nucleic acids [1, 2, 9]. Addiligriziomolecular surface density can
be estimated by tracking characteristic signals from substrate and biomolecetkayer [2,10]. However,
atomic composition of proteins is similar and XSP measurements do not provisi®iptysto distinguish
them. To this end ToF-SIMS method can be employed to detect characteasficents originating from
different proteins as well as oligonucleotides [9, 11]. Proteins are osatpof the same 20 amino acids
but their sequence and amount are different. ToF-SIMS yields informatiout the molecular structure.
Therefore, signals of secondary ions allow to distinguish amino acid431.2Since the concentration and
arrangement of amino acids in protein molecules are not the same, chiatacgégnals are commonly
observed for different proteins.

In this Chapter, evaluation of four different approaches to immobilize oliglaotide probes to sil-
icone surface using streptavidin-biotin system is presented. Differemb+raad spectro-scopic methods
are used to examine surface after each step of multi-step procedusaght limto local arrangement of
biomolecules immobilized to modified silicon substrate as well as information (avéeight and surface
roughness) about biomolecular layer are provided by AFM micrograpRXPS measurements yield in-
formation about atomic composition of the surface. This allows to estimate bionesdexwrface density.
The insight into multi-molecular composition is provided by ToF-SIMS signalsastteristic for substrate,
different proteins and oligonucleotide probe. Different micro- and@spescopic methods of surface analy-
sis provide complementary data that accord with each other. Finally, all edteasults enable to compare
various methods for oligonucleotide probe immobilization.

6.3 Materials and methods

6.3.1 Materials

Silicon wafers were purchased from Montco Silicon Technologies, ($pring City, PA, USA).
3-Aminopropyl(triethoxysilane) (APTES), N-[2-hydroxyethyl]pipenmae-N’2-ethanesulfonic acid] and
bovine serum albumin (BSA; Cohn fraction V, RIA grade) were pureddsom Sigma Chemical Co., St.
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Louis, MO, USA. 6-((Biotinoyl)amino)hexanoic acid sulfo-succinimidytexgsulfo-NHS-LC-biotin) and
streptavidin were from Pierce (Rockford, IL, USA). Sodium dodetifate and ethylenediaminetetracetic
acid were from Fluka Chemie (Buchs, Switzerland). Biotinylated oligontide@robes were obtained
from VBC Biotech (Vienna, Austria). Biotinylated BSA (b-BSA) was pregzhaccording to a published
method [14, 15].

6.3.2 Biosensor surface preparation

Silicon substrates on which a 1000-nm thick silicon dioxide ($i@yer was thermally grown by low
pressure chemical vapour deposition were cleaned and hydrophilizediersion in Piranha solution (1:1
(v/v) HyO/H2SOy) for 20 min, followed by washing with distilled water and drying with nitrogenatne
Next, the hydrophilized Si@surfaces were modified by immersion in a 0.5% (v/v) aqueous APTES solution
for 2 min, gently washed with distilled water and cured at°X2@or 20 min. Four different approaches to
immobilize oligonucleotides on silanized Si®urfaces, which are illustrated schematically in Figure 6.1,
have been implemented to prepare oligonucleotides modified surfacesrstlomé involved: (1.1) adsorp-
tion of b-BSA from a 10Qug/mL b-BSA solution in 50 mM phosphate buffer, pH 7.0 (coating buffer) at
room temperature (RT), (1.2) blocking the free surface sites by immersiari®% (w/v) BSA solution in
coating buffer for 1h at RT, followed by washing and drying, (1.3)xtien with a 100ug/mL streptavidin
solution in coating buffer for 1h at RT and then washing, and finally (irdfhobilization of biotinylated
oligonucleotides through incubation for 1 h with a8 biotinylated oligonucleotide solutions in coating
buffer. Finally, the surfaces were rinsed with coating buffer and distillater, and dried by N

In the second approach, the last two steps were replaced by a sing(2.8tgmcluding immobiliza-
tion of pre-incubated streptavidin-biotinylated oligonucleotides conjugdies.conjugates were prepared
through reaction of an 88g/mL streptavidin solution (1.64M) with a 5 M of biotinylated oligonucleotide
solution both diluted in coating buffer for 10 min at RT prior to application ontcstiméace.

The third approach consisted of (3.1) direct adsorption of streptavidineosilanized substrates from
a 25ug/mL solution in coating buffer for 1h at RT, followed by washing with coatindfdr and distilled
water, (3.2) blocking with BSA and (3.3’) immobilization of biotinylated oligonutiges performed as
described above. Finally, the forth approach (4.1’) involved diresbgation of pre-incubated streptavidin-
biotinylated oligonucleotide conjugates to the silanized silicon substrates.

In all approaches oligonucleotide with the biotin-5-TTAAAACTAAATGTABAAAAATC-3’ se-
guence was used.

6.3.3 AFM surface characterization

Atomic Force Microscopy (AFM) measurements were performed in notacbmode using an Agi-
lent 5500 AFM microscope system. AFM probes with spring constant gébhléin, tip radius below 10 nm
and resonant frequencies about 70 kHz were used. The set pdiallayains were adjusted to obtain min-
imal noise and clear image of the examined surface. For each sampleapppgnages were acquired at
several different randomly chosen locations. The measurements aréoenped in air at room temperature.
AFM micrographs were analysed with Picolmage software.
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Figure 6.1: Schematic representation of different approaches to immolilitere oligonucleotide probes
on silicon pre-modified with (3-aminopropyl)triethoxysilane APTES suddugsed on streptavidin-biotin
system. The first approach involves: (1.1) adsorption of biotinylatethb@aerum albumin (b-BSA), (1.2)
blocking free surface sites with BSA, (1.3) reaction with streptavidin, amall§i (1.4’) immobilization
of biotinylated oligonucleotides. Alternatively, the last two steps are exgdthmvith immobilization of
streptavidin-biotinylated oligonucleotide conjugate (2.3"). The third apgrazonsists of adsorption of
streptavidin (2.1), blocking with BSA (2.2), and immobilization of biotinylated oligdeotides (2.3"). A
direct immobilization of streptavidin-biotinylated oligonucleotide conjugate is aaléstative (4.1’).

6.3.4 ARXPS surface characterization

X-ray photoelectron spectroscopy (XPS) measurements were perfarsirgla VSW Manchester
spectrometer equipped with AlKradiation source (1486.6 eV, 200 W). Angle-resolved XPS spectra wer
collected for three different values°(060° and 70) of photoelectron take-off angl®. The operating
pressure in the analytical chamber was less thah(®?® mbar. All XPS peaks were charge referenced to
the neutral (C-C) carbon C1s peak at 284.6 eV. Spectrum backdgouare subtracted using the Shirley
method.

6.3.5 ToF-SIMS surface characterization

The surfaces after each step of preparation were analysed usin@bh8IMS 5 (ION-TOF GmbH)
instrument, equipped with 30 keV bismuth liquid metal ion gun. The Busters were used as the primary
ions, with the ion dose density lower than 33.0'? ion/cn?, rastered randomly over a region of 108 x
100m area. Pulsed low energy electron flood gun was used for chargesogation. For positive spectra
mass resolution i¥m > 7000 (at GH5+ (m/z=53) peak) and for negative spectrakmi > 4000 (at GH+
(m/z=25) peak) were maintained.
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6.4 Results and discussion

6.4.1 Biomolecular layer uniformity examined with AFM

Performed AFM measurements enable an insight into the 3-D structure of leicuter overlayer af-
ter each successive step of the four approaches used to immobilize aligatinle probes (Figure 6.1). Rep-
resentative topographic micrographs (Figure 6.2) confirm lateralumity of biomolecular layer. However,
molecules are more densely packed for adsorbed biotinylated BSA as ramhipadsorbed streptavidin.

3.2
+blocking

Figure 6.2: Representative topographic AFM micrographs recorded 80, biosensor surfaces after the
successive steps of the different approaches followed for the immadluitizaf the capture oligonucleotides
(cf. Figure 6.1).

Furthermore, vertical evolution of organic layer after successivegpation steps can be described
using the parameters of height distribution in topographic AFM images (F&8jesuch as average height
(h) (the distribution’s mean) and the root mean square (RMS) roughnesdigthibution’s spread). The
APTES layer formed on Sigsubstrate is characterized by average height of &.028) nm and relatively
small height fluctuations with RMS roughness of 0:-80(04) nm. Obtained results accord with the values
reported in previous Chapters for APTES modified silicone based stéss{{&iGQ and SiN,) and are
typical for monomolecular APTES layer [16].

The 1st and the 2nd immobilization approach involved specific binding betateeptavidin and
pre-adsorbed biotinylated BSA. Successive steps of biotinylated BSératibn and blocking procedure
result in slight increase of average AFM thickness to H@04) nm and 1.18¢0.19) nm and RMS
roughness to 0.72(0.04) nm and 0.64€0.11) nm, respectively. In turn, vertical structure of organic over-
layer changes considerably after biotin-streptavidin binding. Averde Aeight increases significantly
to 3.57@0.08) nm after immobilization of the conjugate of streptavidin-biotinylated oligeaticle (step
2.3’) and to 3.85¢0.10) nm and 4.350.03) nm after successive steps of streptavidin immaobilization (step
1.3) and reaction with biotinylated oligonucleotide (step 1.4’), respectiidyeover, these surfaces exhibit
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Figure 6.3: Mean values of (a) average AFM height and (b) RMS moegth of organic layer formed on
silicon nitride after the successive steps of the different immobilization appes. Higher values are
due to anchorage of streptavidin molecules to pre-adsorbed biotinylatad B3, 1.3, 1.4") in a-b and
adsorption of singular BSA clusters during the blocking procedure {312) Error bars are Standard Error
of the Mean each determined from 3-6 images of the same surface.

also higher RMS roughness (close to the 0.9-1.0 nm).

The 3rd and 4th immobilization approach used physical adsorption of stidiptéo form suitable
platform to anchor biotinylated oligonucleotide probes. Compared to APTESfiew substrate average
AFM height increased to 1.23(0.04) nm and surface roughness to 0:60.09) nm after adsorption of the
streptavidin-biotinylated oligonucleotide conjugate. In turn, both valuelaser for adsorbed streptavidin
with 0.91&0.4) nm and 0.45¢0.01) nm for(h) and RMS, respectively. The next step of the 3rd immobi-
lization approach induces increase of both average AFM height (to£0624) nm) and RMS roughness
(to 1.04¢0.02) nm). This is due to the BSA clusters deposited on the surface. Howheese clusters are
removed during the incubation in biotinylated oligonucleotide solutions (congtepe3.2 and 3.3’ in Fig-
ure 6.2). As a result both average AFM height and RMS decrease t6EDZ%) nm and 0.490.03) nm,
respectively.

The final organic layers resulting from the 3rd and 4th approach (8t&band 4.1") reveal similar
average AFM height and comparable RMS roughness. However, thesks differ from the final values
characteristic for the 1st and 2nd approach (steps 1.4’ and 2.3"){Wjithree times thinner and less coarse

surface.

6.4.2 Atomic concentrations and biomolecular surface covage revealed by ARXPS

Effective attenuation of photoelectrons by organic layer on silicon satlesis observed in ARXPS
measurements and described within a monolayer model [10] (equation)(Bylfje XPS thickness D of
the overlayer. Photoelectron intensities characteristic for the substtateefe B) and the organic layer
(element A) are recorded as a function of photoelectron take-off andleat modifies sampling vertical
depth. The intensities recalculated using tabulated sensitivity factors amalimed with respect to molar
fractions (Zz for the substrate and for the organic layer) of the atoms emitting photoelectrons. These
molar fractions are determined from atomic concentrations (Section 6.4.2idallyFXPS thickness D
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of organic layer allows to estimate surface coverage with different biomi@edy taking into account
different biomolecular densities (Section 6.4.2.2).

6.4.2.1 Atomic concentrations

SiO, wafers are well defined substrates with Si atomic concentration equal3&033This value
is taken for the stoichiometric molar fractionz2of the element characteristic for the substrate. Such a
value accords with our earlier measurements forSi@lding 32.7¢-0.6)% [10] and 32.5£1.4)% (Section
4.4.3.1).

A more challenging is the evaluation of molar fraction of the element(s) chaisdtdor the organic
layer. This is due to multi-molecular composition. Organic materials, especially lBoaies, are com-
posed mostly of carbon, hydrogen (not detected by XPS), oxygeniinden. In some cases slight amount
of other elements, like phosphorus or sulphur, is present. Atomic coatientiof every present element
was determined from ARXPS measurements taking into account the XPS digmalthe C1s, N1s, Ols,
P2p and Si2p core levels. Next, molar fraction 4 of nitrogen and carbon (Figure 6.4b,c), used to char-
acterize the organic layer, was calculated from atomic concentrationsadémients present in the layer (C,
N, excess O and P) averaged émangle values betweert @nd 70:

el

Oxygen atomic concentration in excess of that given by the, StGichiometry (and silicon con-

Zap = (6.1)

centration) was taken as related with the layer. Bhaveraged molar fraction of nitrogen and carbon in
APTES layer is equal to 2.5{0.6)% and 92.6£4.5)%, respectively, and accords with the values determined
earlier [10] and reported in Chapters 3, 4 and 5 that indicate adventitesbsrtincorporated in the layer.
Further steps of surface preparation increase molar fraction of nitnafkecting successive immobiliza-
tion of biomolecules. Among these values the lowest increase te-3.8% and 3.9£0.4)% is observed
(Figure 6.4b) for physical adsorption of streptavidin (step 3.1) angtsivin-biotinylated oligonucleotide
conjugate (step 4.1’), respectively.

Finally, molar fraction of phosphorus in the organic layer (Figure 6.4a)ogaused as a measure of
the effectiveness of oligonucleotide immobilization. The P atomic concentratéiarmined by ARXPS,
equals to 0.A40.1)%, 0.440.1)%,~ 0%, 0.2-0.1)%, for the first, second, third and fourth immobilization
approach, respectively. Very low efficiency of the third and fourtbrapch to immobilize oligonucleotide,
with phosphorus concentration around XPS detection limit, is related with snsalt@titbn of streptavidin
or its conjugate, as mentioned earlier when discussing nitrogen molar fraction

6.4.2.2 Biomolecular surface coverage

As a first step to evaluate surface coverage with biomolecules, the XP®ék&lo of the organic
layer is determined for two pairs of XPS signals C1s/Si2p and N1s/Si2pathéstic for the layer/substrate
geometry. The analysis is shown here for the C1s/Si2p signal pair. Tibeofanormalize photoelectron
intensities is plotted in logarithmic form versus the take-off angle funciéer® in Figure 6.5. The data
points marked with different symbols correspond to different immobilizatiggm@arhes. The slope of each
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Figure 6.4: Atomic concentration of (a) phosphorus, (b) nitrogen, endafbon in organic layer averaged
for take-off angle® between 0 and 70. Error bars are Standard Error of the Mean.

individual data set, always starting at origin of coordinate axes, dispamthe XPS thickness D of organic
overlayer.

The data sets, plotted for both pairs C1s/Si2p and N1s/Si2p versus theftakefe functiorsec O,
were used for regression analysis to yield the XPS thickness D of theiollgger (Figure 6.6).

The ARXPS results for silanized substrate yield the APTES film thickness &l &m10.78(-0.08) nm
and 0.8240.05) nm for the C1s/Si2p and N1s/Si2p pair, respectively. This aceoitisaverage AFM
height 0.72¢-0.08) nm reported in the previous Chapter. In addition for all examined Isantpeir thick-
ness D determined for the XPS signal pair C1s/Si2p hardly differs frotrytblaled for the pair N1s/Si2p
(Figure 6.6). For further analysis, the layer XPS thickness D, weightedage of the C1s/Si2p and
N1s/Si2p values, is considered. An increase in D between successpgevgithin each of four oligonu-
cleotide immobilization approaches (Figure 6.1) is a token of a new biomole@sdengron the surface. The
increaseAD, divided by specific biomolecular density, would yield the surface deigitgment caused by
this molecule.Density values equal to 1.37 glei54 g/cnd and 1.39 g/crfor proteins (streptavidin, BSA
and biotinylated-BSA), biotinylated-oligonucleotide and streptavidin-biottegadligonucleotide conju-
gate, respectively, were assumed.

The first two steps for the 1st and 2nd approach (steps 1.1 and 1.2svidéte coverage of BSA
and biotinylated BSA equal to 0.480.11) mg/m? and 0.66¢-0.12) mg/ni, respectively, that accord with
our previous results (see Figure 4.5 in Chapter 4). Reaction with strejptdoratinylated oligonucleotide
conjugate (step 2.3") and streptavidin (step 1.3) increases total swfaegage with biomolecules to
1.310.22) mg/nt and 2.23¢-0.24) mg/m, respectively. Lower amount of immobilized streptavidin con-
jugate (step 2.3") as compared to bare streptavidin (step 1.3) might be due tactithat some of the
conjugate binding sites have already been occupied by biotinylated oligatide probes. Consequently,
probability to be attached to biotinylated BSA decreases. The final step b$tlapproach (step 1.4) yields
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Figure 6.5: The ratio of normalized ARXPS intensities corresponding to plemtivons characteristic for

the organic (silane/protein/oligonucleotide) overlayer (C1s for this datasélls not presented) and sil-
icon substrate (Si2p) plotted versus the take-off angle funcio®. Lines mark results of regression
analysis yielding XPS thickness D of organic layer (marked in the inset) fbafter the successive steps
of oligonucleotide immobilization procedures.
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Figure 6.6: XPS thickness D of organic layer determined for signal pdis¢ Si2p (see Figure 6.5) and
N1s/ Si2p. Error bars are given by the fitting procedure describetjuré6.5.

the total surface coverage with biomolecules equal to 2:058) mg/ni.

The ARXPS measurements show only a negligible amount of streptavidinbedisiar APTES modi-
fied SiO, substrate (step 3.1) with protein surface density equal to #@3@) mg/nt. Such a low amount
accords with the AFM results. The final biomolecule surface coverag@éard approach, after blocking



6.4.3. Multi-biomolecular composition revealed by ToF-SIMS 101

procedure and oligonucleotide immobilization, equals to GZB820) mg/ni. It is comparable with the
value for BSA adsorbed to APTES modified Si€urface.

Finally, direct adsorption of streptavidin-biotinylated oligonucleotide caatieido APTES modified
substrate (step 4.1') provides surface coverage of 8:@1(1) mg/nt of biomolecules.

6.4.3 Multi-biomolecular composition revealed by ToF-SIMS

The ToF-SIMS method has been applied to reveal multi-biomolecular compositiongh detec-
tion of the signals characteristic for each of the biomolecules used during stept-preparation process.
Characteristic fragments (positive and negative secondary ions) obaids and nucleic acids have been
examined and reported previously [9, 11-13]. To choose adequBtSINS signals, both streptavidin and
BSA were examined, with respect to amino acids composition [12].

The amino acids most frequently presented in streptavidin are threonir@8%pand tryptophan
(9.25%). In turn, glutamic acid (12.13%) and lysine (11.35%) are the meguéntly met in BSA. On the
other hand, concentration of lysine and tryptophan is relatively low intstvepn (3.96%) and BSA (0.03%),
respectively. Therefore, the ToF-SIMS signals from tryptophap){TCyHsN+ (m/z=130), GoH11Nao+
(m/z=159), G1HgNO- (m/z=170) and lysine (Lys): §HsN+ (m/z=56), GH,oN+ (m/z=84) characteristic
for streptavidin [12,17, 18] and BSA [19-21], respectively, wertesen to detect these proteins after suc-
cessive preparation step. Normalized intensities of these ToF-SIMS3ssayegresented in Figure 6.7a-e.
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Figure 6.7: Normalized ToF-SIMS intensities of secondary ions charstitefor BSA: (a) GHioN+
(m/z=84) and (b) @HgN+ (m/z=56) from lysine; streptavidin: (c)gBigN+ (m/z=130), (d) GoH11 N+
(m/z=159) and (e) GHsNO- (m/z=170) from tryptophan; oligonucleotides: (fyM- (m/z=90) from
adenine recorded for the SiGurfaces after the successive steps employed for capture oligotideseo
immobilization (cf. Figure 6.1).
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The signals characteristic for BSA (Figure 6.7a, b) suggest efficisuration of biotinylated BSA
as well as blocking the free surface sites with BSA for all approacheas.th® other hand, ToF-SIMS
measurements (Figure 6.7c-e) reveal also that the streptavidin immobilizatiorrésefifiective utilizing
specific binding with pre-adsorbed biotinylated BSA (the 1st and 2ndbapp) rather than direct adsorption
to SiO, substrate modified with APTES (in the 3rd and 4th approach). Protein cdtiopogvealed by
ToF-SIMS measurements accords very well with the results obtained fidvhalad ARXPS measurements.

In addition, the efficient immobilization of oligonucleotide probe is indicated bypitesence of
C4N3- (m/z=90) signal from adenine [11] in TOF-SIMS spectra of negatiebigrged secondary ions (Fig-
ure 6.7 f). The adenine signal is higher for the second and the firsbagipas compared with the remaining
two methods to immobilize oligonucleotide probes. ToF-SIMS results compareghagphorus concen-
tration from ARXPS point to the first two approaches as the most efficianth Sonclusion accords with
ToF-SIMS results for streptavidin, which provides anchorage platftmmbiotinylated oligonucleotide
probes.

6.4.4 Complementarity of different surface characterizaion methods

Figure 6.8 shows comparison of the results yielded by different expetammethods. The first two
graphs (Figure 6.8a, b) present normalized secondary ion intensitsés @H/z=28) and gHgN+ (m/z=44)
characteristic for substrate and alanine (presented in proteins)ctieshe Signal from alanine is related
to the amount of immobilized proteins and its anti-correlation with the Si+ signal eredd. In addition,
the average AFM height of organic layer (Figure 6.8c) and surfagerage with biomolecules determined
from ARXPS (Figure 6.8d) correlate with each other and accords with;8+ and Si+ ToF-SIMS signals.

These results show that different surface characterization methodsi@complementary informa-
tion enabling better insight into the structures formed after successiwedteipsensor surface modification
and functionalization. Especially, here the micro- and spectro-scopittsgsovide also complementary
information about effectiveness of different immobilization approaches.

6.5 Conclusions

To summarize, four different approaches of oligonucleotide probes infizailbn exploiting biotin-
streptavidin system to functionalize biosensor surface have been exarmméhis end AFM and different
spectroscopic methods (ARXPS and ToF-SIMS) were applied. All @axeatal methods indicate that using
pre-adsorbed biotinylated BSA (the first and second approach)te#usmore efficient streptavidin immo-
bilization as compared to direct adsorption. More specifically, AFM aehagight of biomolecular layer
as well as biomolecular surface density estimated by ARXPS significanthaseagdter streptavidin immo-
bilization utilizing biotin-streptavidin binding. Furthermore, ToF-SIMS examimatibthe surfaces reveals
higher intensity of tryptophan fragments for the streptavidin immobilized via ictierawith biotinylated
BSA. To the contrary, all these parameters indicate rather poor streiptamidobilization through physical
adsorption to APTES modified substrate.

Large variety of employed experimental methods allows to suggest the rfexgivef approaches for
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Figure 6.8: Normalized ToF-SIMS intensities of secondary ions chaistitefor (a) the silicon substrate
(Si+, m/z=28) and (b) of adsorbed proteinsKgN+, m/z=44, from alanine). (c) Average AFM height of
organic overlayer and (d) total surface density of biomolecules detednfion ARXPS. Please note ac-
cordance between AFM (c), ARXPS (d) and ToF-SIMS data (correlatith (b), anti-correlation with (a))
reflecting molecular coverage of biosensor surfaces after the sixeEsteps employed for immobilization
of capture oligonucleotides with the approaches described in Figure 6.1.

oligonucleotide probes immobilization. The highest phosphorus signal&RKPS and intensity of (Ns-
ions characteristic for adenine from ToF-SIMS indicate that the firstl@mdecond approaches utilizing pre-
adsorbed biotinylated BSA provide the most effective immobilization of oligtzmicle probes.

The faint phosphorus ARXPS signal (only fér= 70°) above and below detection limit for the 4th
and 3rd approach suggests their low applicability to immobilize oligonucleotideeprimto biosensor sur-
face. This is related with poor streptavidin immobilization due to physical atieorgroviding a platform
for reaction with biotinylated oligonucleotide.

Finally, comparison of the data provided by different experimental metheasals correlation or
anticorrelation between them and points to the complementarity of applied mipiosew spectroscopic

techniques.
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Chapter 7

Summary

The aim of this work was to evaluate immobilization of biomolecules to model biosensiaces.
To this end different microscopic and spectroscopic methods have betamiemied. As model detecting
biomolecules gamma globulins (Chapter 3, Chapter 4 and Chapter 5) or allgotide probes (Chapter 6)
have been chosen.

In the Chapter 3 comparison of IgG immobilization via physical adsorption walent bonding to
SisN4 surface modified with amino- or epoxy-silane, respectively, has bexsepted. Correlated data from
implemented spectroscopic methods, ARXPS and ToF-SIMS, yield protdateutensity. Moreover, ob-
tained results reveal that protein surface coverage is higher antbpevaster for adsorption than covalent
bonding. Finally, model combining data from AFM, ARXPS and ToF-SIMSIheen presented. This model
allows for an insight into vertical structure in relation to surface covetdgeotein overlayer. Implemen-
tation of this model to IgG immobilized via physical adsorption or covalent bandimeals that adsorbed
IgG molecules are more densely packed compared to covalent boun@urtegir conformation is more
flattened.

Next, results of complex characterization of model biosensor surfaeeesch subsequent step of
preparation procedure have been presented in Chapter 4. Twaedtfrbstrates (SiCand SiN,4) have
been modified with amino-organosilanes, and rabbit IgG has been usednadel detecting molecule.
Lateral nanostructure of protein overlayer, examined with AFM, is rfett#d due to blocking procedure
(with BSA) but rises considerably after immunoreaction (with anti-IgG angihod\dditionally, similar
observations are made for protein surface coverage, which insreaggficantly after antigen-antibody
binding. Moreover, preferential orientation of protein polar functiograups towards substrate has been
revealed for all protein layers by ARXPS measurements.

Observed changes in protein layer morphology after immunoreaction leavestbudied in details for
model immunoassay described in Chapter 5. Immunoassay has beemgelrfior immobilized gamma
globulins (IgG) reacting with anti-lgG antibody for two (mouse and rabbithglementary pairs at various
concentrations of antibody. AFM and XPS measurements allow to detecttformud antigen-antibody
complexes for antibody concentrations equal to or higher than 3.3 nM. ©atlier hand, ARXPS is less
sensitive but enables estimation of protein surface coverage whiclagesenonotonically for anti-IgG
antibody concentrations higher than 1 nM. In addition, the model introdirc&zhapter 3 allows here



106 CHAPTER 7. SUMMARY

to determine average protein layer thickness based on protein structuseiidiace coverage provided by
ARXPS. Obtained results are in accord with average height of proteindeyermined from AFM.

Moreover, surface analysis prior to and after blocking procedutep@r 4 and Chapter 5 ) revealed
that BSA molecules not only block free surface sites but also replaceljoosunded IgG molecules.

The last part of this Thesis (Chapter 6) focuses on examination of fifferesht approaches of
oligonucleotide probes immobilization based on streptavidin-biotin system. Multi-téaolar overlayer
composition was revealed by characteristic fragments of BSA, streptavidinliyonucleotide reflected in
the ToF-SIMS spectra. Moreover, all implemented experimental methoealm@ore effective streptavidin
immobilization via reaction with pre-adsorbed biotinylated BSA rather than dudysigal adsorption.
Finally, ARXPS phosphorus signals as well as ToF-SIMS secondasydbaracteristic for adenine also
point out that the most effective immobilization of oligonucleotide probes igigea by the methods using
biotinylated BSA.
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