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Chapter 1. Introduction

1. Introduction

1.1 Biosensors

The combination of optical, electrochemical, pideowic, thermal and other
physicochemical instrumental techniques with thecijpgy of a biological recognition
system has resulted in a variety of new analytitgalices known as biosensors. Biosensors
are under intensive development worldwide becabsg have many potential applications,
e.g. in the fields of clinical diagnosticsfood analysi§ environmental monitoririgand
process control of industrial processes

Biosensors are devices that transform biochemidalrmation into an analytically
useful signal. Three structural parts are essemtigdcognition system, a detector element and
a transducer that associates the two other compo(Eigiure 1.1.1). The recognition site is
usually a biological material, e.g. tissue, cetie@tor, enzyme, antibody, protein or nucleic
acid. The main function of the recognition systema be highlyselective for the analyte to
be measured. The detector element measures physmoamal properties, such as small
optical, piezoelectric electrochemical, thermoneetar magnetic changes. In contrast to the

recognition system, the main purpose of the detetémnent is to offer a higsensitivity.

Recognition Transducer Detector

system element
Sample
Other _‘
compounds|
Co-substrate—@) Signal
‘ Transduction
Analyte -*
v
Reaction
Biocomponent Amplification and

data processing

Figure 1.1.1: Principle of a biosensor.
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Surface plasmon resonance (SPR) spectroscopy ltasnbea routine technique in
optical biosensor applications, where interactidueween an analyte in solution and a
biomolecular recognition element immobilized on theface are probéd® In 1990, the
company Biacore introduced the first commercial S##sensing instrument where surface
plasmon resonances are excited in a dense goldafiichused to probe small changes in
refractive index at the gold surfdce

Much effort is spent on the development of moresgme sensor platforms. One
strategy for amplifying the sensitivity is to inase the amount of analyte binding sites. This
can be realized by an enhancement of the sendacsiwarea. Subsequently, Biacore modified
the flat gold film by attaching a three dimensiodaktran hydrogel matrix, that allows high
loading of analytes

Other approaches try to influence the evanesceit &f the plasmon wave to gain
further sensitivity. The so-called long range scefglasmon, excited at the two sides of a
metal layer in contact with two identical dielectrnedid, promises high resolution, as the
field intensity at the interface is higher tharcase of conventional SPR and the decay length
of the evanescent field can be in the extendederaf@00 - 800 nif. Another approach to
enhance the sensitivity is the use of localizedfaser plasmon phenoménal? for the
detection of small moleculEs Novel fabrication methods for plasmonic materiai®

developed* *°

1.2 Aim of the study

This study is divided into three parts. In thetfipart, nanoporous gold, as a new plasmonic
material, is investigated in detail (chapter 4).the second part, plasmonic features of
gold/silica composite inverse opals are studieddtdrab). While parts one and two mainly

focus on fundamental research by looking into thaperties of novel substrate materials in

order to provide a basis for new optical biosenspest three addresses an application of
biosensing (chapter 6).

Generally, nanoporous gold, as a rough, but coatisugold membrane, shows
features of both planar metal films that exhibibgagating-SPR (p-SPR) and nanostructured
metal materials that exhibit localized-SPR (I-SP#)p kinds of optical excitations used in
state-of-the-art optical sensing technologies. &luee, nanoporous gold is an interesting
substrate that can be incorporated into the retognisystem of improved biosensors.

Detailed analyses of the nanoporous gold are destin chapter 4.
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In chapter 5, silica inverse opals are used adatigie to host gold nanoparticles in
order to investigate the optical features that magreated as a combinatory result of both the
ordered macropores and the |I-SPR from the nandliogtarticles.

The fundamental question addressed in chapter tBeisdevelopment of a binding
assay to probe the protein/protein interactionhef ¢alcium binding protein centrin with the
heterotrimeric G-protein transducin. Therefore penmonly evaporated, flat/dense gold film

was used to support a propagating surface plasnoolem
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1.3 References

1. Connolly, P., Clinical Diagnostics Opportunititeg Biosensors and Bioelectronics.
Biosensors & Bioelectronics 1995,10, (1-2), 1-6.

2. Lukacheva, L. V.; Zakemovskaya, A. A.; Karyakila E.; Zorov, I. N.; Sinitsyn, A.
P.; Sukhacheva, M. V.; Netrusov, A. Il.; Karyakin, A., Determination of glucose and
lactose in food products with the use of biosenbased on Berlin bludournal of Analytical
Chemistry 2007,62, (4), 388-393.

3. Rickerby, D. G.; Morrison, M., Nanotechnologydatihhe environment: A European
perspectiveScience and Technology of Advanced Materials 2007,8, (1-2), 19-24.

4. Patel, P. D., Overview of affinity biosensors fmod analysis.Journal of Aoac
International 2006,89, (3), 805-818.

5. Homola, J., Present and future of surface plasmeanance biosensornalytical
and Bioanalytical Chemistry 2003,377, (3), 528-539.

6. Shankaran, D. R.; Gobi, K. V. A.; Miura, N., Ret advancements in surface plasmon

resonance immunosensors for detection of small ecotds of biomedical, food and
environmental interesgensors and Actuators B-Chemical 2007,121, (1), 158-177.

7. Jonsson, U.; Fagerstam, L.; lvarsson, B.; Jamds.; Karlsson, R.; Lundh, K.; L6fas,
S.; Persson, B.; Roos, H.; Ronnberg, I.; Sjolandgr, Stenberg, E.; Stahlberg, R.;
Urbaniczky, C.; Ostlin, H.; Malmgvist, M., Real-TerBiospecific Interaction Analysis Using
Surface-Plasmon Resonance and a Sensor Chip Tegynéiotechniques 1991, 11, (5),
620-&.

8. Lofas, S.; Johnsson, B., A Novel Hydrogel Matdr Gold Surfaces in Surface-
Plasmon Resonance Sensors for Fast and Efficiemtl@a Immobilization of Ligands.
Journal of the Chemical Society-Chemical Communications 199Q (21), 1526-1528.

9. Kasry, A.; Knoll, W., Long range surface plasniluorescence spectrosco@pplied
Physics Letters 2006,89, (10).

10. Kasry, A., Optical Biosensors; New Aspects iarf&e Plasmon Fluorescence
SpectroscopyPhD Thesis 2006, University of Mainz

11. Haes, A. J.; Van Duyne, R. P., A nanoscalecaptblosensor: Sensitivity and
selectivity of an approach based on the localizegthse plasmon resonance spectroscopy of
triangular silver nanoparticleSournal Of The American Chemical Society 2002,124, (35),
10596-10604.

12.  Yonzon, C. R.; Zhang, X.; Zhao, J.; Van DuyReP., Surface-enhanced nanosensors.
Soectroscopy 2007,22, (1), 42-+.

13. Haes, A. J.; Zou, S. L.; Schatz, G. C.; Vanmy\R. P., Nanoscale optical biosensor:
Short range distance dependence of the localizddcguplasmon resonance of noble metal
nanoparticlesJournal of Physical Chemistry B 2004,108, (22), 6961-6968.

14.  Wiley, B.; Sun, Y. G.; Chen, J. Y.; Cang, Hi, Z. Y.; Li, X. D.; Xia, Y. N., Shape-
controlled synthesis of silver and gold nanostriegiMrs Bulletin 2005,30, (5), 356-361.

15. Mieszawska, A. J.; Jalilian, R.; Sumanasek@ralJ.; Zamborini, F. P., Synthesis of
gold nanorod/single-wall carbon nanotube heterdjans directly on surfacegournal of the
American Chemical Society 2005,127, (31), 10822-10823.



Chapter 2. Methods for surface characterization

2. Methods for surface characterization

2.1 Theoretical Background — Surface Plasmon Resonance (SPR) Spectroscopy

During the last 15 years surface plasmon resonance (SPR) spectroscopy has become a popular
technique for optical immunosensor applications'. In general, it is a method for measuring the
refractive index of very thin (order of nm)” layers of material adsorbed on metals. A change in
the refractive index can be detected close to the metal, typically within a distance of
200 - 300 nm to the sensor surface’. Material adsorption can be converted into mass and
thickness with knowledge of the respective refractive indices. The following chapter outlines

the principles of SPR.

2.1.1 Excitation of Propagating Surface Plasmons (p-SPR)

2.1.1.1 Optical properties of materials

Plasmons are collective oscillations (non-radiative) of free electron gas at optical frequencies.
Surface plasmons are confined to surfaces and occur at the interface of a material with a
positive dielectric constant (€gielectric) and a material of a negative dielectric constant (E€netal)-
Surface plasmons can be excited on metallic surfaces under certain conditions (depending on
material, incident angle, polarization and wavelength of the incident light). The conditions
depend on the dielectric constants (= refractive indices) of the metal, dielectric and dielectric
adsorbate layers, and are consequently reliant on the excitation wavelength. Equations 2.1 and

2.2 describe the relationship between the dielectric constant and refractive index.

&=n*-k* --2.1

g’ =2nk --2.2

Optical properties of materials can be described by the refractive index, n which describes the
real part and the absorption coefficient, k which describes the imaginary part. Alternatively
the dielectric constants € (real part) and €’ (imaginary part) are used.

The electromagnetic field of the surface plasmon decays exponentially into both the
dielectric and the metal, with the highest intensity at the interface. The plasmonic dispersion

relation (between angular frequency ® and wave vector k) reveals that the longer the

5
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excitation wavelength A nm (smaller @, since ® = 27m(c/A)), the smaller the k vector needed
to match the plasmon excitation condition (cf. Figure 2.1.1).

The kpn of the incident light (also called momentum) can be tuned/magnified using
either prism or grating coupling, so that photons are not coupled directly to the
metal/dielectric interface, but via high-index prism (with €;rsm > Sdielecmc)S . The wavevector

kgp is described by kgp = (27/A)-Nprigm-sinOpgp.

[ E & [
Ky, =— |24 >k, ==, =23
c\e, +e, c

Plasmonic dispersion relation: At any angle 0 |kl (k surface plasmon) is larger than [kyl (k

photon, air).

/2,
k

photon,air k
,~~ “photon,prism

594 nm

1152 nm

k

sp

Figure 2.1.1: Dispersion relation demonstrates the enhancement of k using a high index prism, e.g.
LaSFN9. There is no intersection for Kypoton,air a0d Kgyrface plasmons While Kypoton prism intersects Keyrgace plasmone It
also becomes apparent that the light coupling needs smaller k for longer excitation wavelength.

When the energy and the momentum of the photon are just right, it interacts with the
free electrons of the metal. The incident p-light (transversal magnetic, TM- or p-polarized)

photons are absorbed and converted into surface plasmons.
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2.1.1.2 Prism coupling

Different configurations of SPR devices are capable of generating and measuring propagating
surface plasmons: devices that use prism coupling® > or grating coupling®. Prism based SPR
was firstly described in 1959 by Turbadar” ®. One decade later, prism coupling was further
developed and split in two coupling variations, known as the Otto’ and the Kretschmann/
Raether configurations4. In this thesis, only prism coupling in the Kretschmann/Raether
configuration was used, in this arrangement the photons travel through a high index prism and

couple through a gold film, that is in contact with the dielectric medium (Figure 2.1.2).

normal to the surface
incident beam reflected beam
= O
> Orr

gprism LaSFNO prism

[ = |
8metal ! —x > {
8die]ectrjc surface plasmon (ATR)

/ \

/N

Figure 2.1.2: Prism coupling in the Kretschmann/Raether configuration was used in this thesis to excite
propagating surface plasmon resonances. Both the angle of incidence and the angle of reflection are
defined as the angle between the corresponding light beam and the normal to the surface, so the reflected
beam is detected at 20.

The incident laser beam passes into the prism and is reflected, partially transmitted or
absorbed at the base of the prism (Figure 2.1.2). Below Ok (angle of the total internal
reflection) most of the light is transmitted (green line). At Ok the transmitted light propagates
parallel to the surface (red line). If the angle of incidence is greater than Orr, no light is
transmitted. The surface plasmon occurs at higher angle 6 dependent on the properties of the

materials (gold film: thickness, €, €,...).
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2.1.1.3 SPR signal

The SPR signal can be derived by monitoring the intensity of the reflected light as a function
of the incident angle” 3

100
804
60 -

40

Reflectivity/ %

20

T T T T T T T T 1
22 24 26 28 30

Angle /degrees

Figure 2.1.3: Simulated surface plasmon resonance signal (Winspall, version 2.20): triangular prism,
50 nm Au film, air; 632.8 nm excitation in p-polarization.

Due to absorption, the plasmon phenomenon is also called the attenuated total internal
reflection (minimum of reflectivity). The thickness of the gold film, as well as the excitation

wavelength influences the coupling angle and the coupling efficiency.

2.1.1.4 Influence of the excitation wavelength to the SPR signal

The SPR signal is strongly influenced by the excitation wavelength. With larger wavelengths

the resonances become narrower and the angle of total internal reflection increases:

100

80 4

60 -

Reflectivity/ %

40 4

20
——633 nm
—820 nm
— 1152 nm

T T T T T T T T 1
22 24 26 28 30

Angle /degrees

Figure 2.1.4: Simulated surface plasmon resonance signals (Winspall, version 2.20) demonstrate the
influence of the excitation wavelength for three different wavelengths. All other parameter stayed the
same as in Figure 2.1.3.
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2.1.1.5. Changes in the dielectric due to adsorbates leading to changes in the plasmon

resonance minimum

The SPR signal is highly sensitive to physical or chemical adsorption of molecules in the
order of nm. During adsorption processes, the total internal reflection stays the same, while

the surface plasmon minimum shifts to higher angles (Figure 2.1.5 C).

(A) B) @

kpholon,air kpholon,prism
4
7
P ksp
. 3
il Ksp+adsorbed layer
% ; PL LR ksp+2 adsorbed layers

A i ki A

L)

7

Incident angle

9 [} ]
wJI 4
/ .
. 3 ’
* ’
Ady*
>
v
0 Prism :’,'
Glass slide oA
0o Gold ’ o
(metal) T
91 Dielectric ksf’
02
adsorption of layers
Oc 60 616 0

Figure 2.1.5: Prism coupling in Kretschmann/Raether configuration to probe adsorption of layers (A).
Dispersion relation (cf. Fig. 2.1.1), here o versus kgp, shows that for a given ®;, the momentum of surface
plasmons increases, when the dielectric constant €, increases e.g. due to adsorption of layers (B). The
angular reflectivity curve (C) reveals a shift of the coupling angle 6, to 6, to 0,, if layers are adsorbed.

A change in the refractive index can be only detected near the metal. At a distance of
200 - 300 nm to the sensor surface, the signal loses sensitivity.

Surface plasmon resonance curves, in opposition to optical waveguide systems, do not
allow the separation of the refractive index (n) and thickness (d) of the layers. With known

values for either n or d, the other parameter can be calculated assuming the formation of a

dense homogeneous monolayer via the Fresnel equations based on Maxwell’s theory.
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2.1.2 Excitation of Localized Surface Plasmons (I-SPR)

Both propagating and localized surface plasmon resonance (p-/I-SPR) are collective electron
oscillations’. But the p-SPR is a travelling wave, propagating along the interface shared with a
dielectric as described above; whereas the 1-SPR is a localized field confined to metallic
nanoparticles and other nanostructures, e.g. voids with high curvature metal/dielectric
interfaces. Raether defines the localized plasmon phenomenon as a resonance of a small
sphere6. In general, the term localized plasmon is frequently used in the literature to describe a
range of different phenomena.

The phenomenon of localized plasmons has found application in the field of
biosensinglo, because the 1-SPR is medium dependent just like the p-SPR. An absorption in
the visible or UV parts of the spectrum originates from the collective oscillation of the
conduction electrons. The peak position shifts if the refractive index of the surrounding
medium is changed. To exemplify, an absorbance spectrum before and after deposition of

immunoglobulin onto a gold-nanoparticle-coated three-dimensionally ordered macroporous

film is shown:
1.2

1.0

0.8

Absorbance

0.6

0.4

400 500 600 700 800
Wavelength/ nm

Figure 2.1.6: Absorption spectra of the gold-nanoparticle-coated three-dimensionally ordered
macroporous film before (solid line) and after (dashed line) the immobilization of hIgGlO.

The main advantage of the localized plasmon is its independence from the incident
angle of the excitation light and sample orientation’. Thus angle-resolved spectroscopy allows
I-SPR and p-SPR modes to be distinguished from each other. A setup was build to
simultaneously monitor the angular dependent reflectivity and the absorbance from two
different sides of the substrate [Chapter 3]. A second advantage of the I-SPR is the much
shorter decay length of the evanescent field (~ 20 nm) compared to the p-SPR (~ 200 nm), so
that only changes within this short distances are detectable, thus the crude bulk solution does
not influence the signal.

The 1-SPR is dependent on the material, particle shape and excitation wavelength, but

independent of incident angle and polarization.

10
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2.2 Basics of Cyclic voltammetry (CV)

Cyclic voltammetry as a three-electrode method (reference, working and counter electrode)
has become a popular analytical technique for electrochemical studies. The choice of solvent,
background electrolyte and specific working electrode material determines the potential
window of the electrochemical measurement. The background electrolyte is a salt added both
to increase the solution conductivity and to suppress charge transport by migration. A
potential difference is measured between the reference and the working electrode while any
current flowing is measured between the working and the counter electrode. The electrodes
are connected to a potentiostat which is used to adjust the voltage to maintain a potential
difference of choice between the reference and working electrodes.

In cyclic voltammetry the potential (E) is continuously changed as a function of time
(t), the direction of the potential is reversed at the end of the first scan (E;) and scanned back
to the original value, E; (Figure 2.2.1). The different scans directions are also sometimes
termed anodic and cathodic scans, respectively. The rate of change of potential with time is
referred as the scan rate. A current response (i) is obtained when an electro active species is

oxidized or reduced at the electrode. A typical one-electron (¢) transfer reactions is'':

Fe(CN)s>+ e <> Fe(CN)g" 2.4

The ferricyanide Fe(CN)63' (hexacyanoferrate(IIl) ion)/ferrocyanide Fe(CN)64' (hexacyano-
ferrate(Il) ion) redox couple is reversible and the electron transfer does not involve making
or breaking of Fe-C bonds.

During the anodic scan the current increases as the potential reaches the oxidation
potential of the analyte, but then drops as the concentration of the analyte is depleted close to
the electrode surface. During the cathodic scan, the electrode is returned to a potential that
will reoxidize the analyte and generate a current of reverse polarity from the forward scan. In
the case of a simple reversible redox couple, such as the Fe**/Fe™ couple, the oxidation and
reduction peaks will have a similar shapes and the same amount of charge will be passed in

the forward scan as in the reverse scan (Figure 2.2.1).
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Figure 2.2.1: Representative cyclic voltammogram for a reversible electron transfer reaction:
ferricyanide-ferrocyanide conversion measured on a large (0.5 cm?®) flat evaporated gold electrode vs.
Ag/AgCl reference electrode. Because of the non-optimal conditions, it is not an ideal cyclic
voltammogram, e.g. the peak separation is too large. The inset shows the variation (waveform) of the
applied potential (E) as a function of time (t) in a cyclic voltammetry experiment.

The potential of the electrode for a reversible half-reaction is given by the Nernst equation“:

RT 1 c[OX]

E=E’+—In
nF  c[RED]

25

where
e Electrode potential (E)

e Standard electrode potential (EO)

e Universal gas constant (R), equal to 8.314510 J K' mol’’

e Temperature (T) in Kelvin (Kelvins = 273.15 + °C.)

e Faraday constant (F) (the charge per a mole of electrons), equal to 9.6485309-10" C
mol™

e Number of electrons (n) transferred in the half-reaction

e c[OX]/c[RED] are the concentrations of the oxidized and reduced species,
respectively.

In my studies only reversible electron transfer reactions will be addressed.
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Basics of Electrode processes

Faradaic and Non-Faradaic processes

Both Faradaic and Non-Faradaic processes can occur at electrodes, when a potential
difference is applied. If electron transfer causes oxidation or reduction (e.g. Fe**/Fe’"), the
resulting current is termed Faradaic. In cyclic voltammetry the peak current (ip) is given by

the Randles-Sevcik equation':

i, =(2.69x10")n*"*ACD"?V"" - 2.6

where A is the electrode area (in cmz), C the concentration (in mol/cm3), D the diffusion
coefficient (in cmZ/s), and v the scan rate (in V/s).

The Non Faradic current is the charging current caused by the movement of ions in the
solution when a potential in applied to the working electrode. When considering

electrochemical data the Non-Faradaic processes always have to be taken into account.

Brief Explanation of the Electrical Double Layer

The whole array of charged species and oriented dipoles at the electrode - solution interface is
termed the electrical double layer (Figure 2.2.2 B). So far several models have been
developed to describe the nature of the electrical double layer. The earliest model is attributed
to Helmholtz (~ 1853). He considered the double layer as a simple capacitor consisting of a
single layer of ions close to the electrode surface (Figure 2.2.2 A). But the “double” layer at
the solution side is thought to be made up of quite a few layers. In the beginning of the 19"
century, Gouy and Chapman introduced a diffuse model, in which the potential at the
electrode surface decreases exponentially due to a diffuse layer of charge compensating ions
at the electrode-solution interface. Stern combined the two models.

The Bockris — Devanathan - Miiller model (water-dipole model) is used as a current
model (Figure 2.2.2 B). The zone of the specifically adsorbed ions at distance x; is called the
inner Helmholtz plane (IHP). The solvated ions can approach the electrode only to a distance
X, termed outer Helmholtz plane (OHP). The so called diffuse layer formed of charge

compensating ions extends from the OHP into the bulk solution. The thickness of this diffuse

13



Chapter 2. Methods for surface characterization

layer is dependent on the total concentration of ions in the solution. In low concentrated
solution the charging current can be even larger than the Faradaic current, because of the

double layer capacitance.

Figure 2.2.2 (A): The attracted positive ions are forming a layer balancing the negative electrode charge.
The distance of approach is limited to the radius of the ion and salvation shell. The overall result is the
double layer (two layers of charge) situation, which is analogue to a capacitor. Helmholtz (1853).

compact layer
A diffusg layer

solvated anion

3 35
D= %) Wwater molecule
Metal ~: solvated cation

. 4
1 %,: Outer Helmholtz Plane (OHP)
X4 Inner Helmholtz Plane (IHP)

Figure 2.2.2 (B): The most modern model of the electrical double layer of Bockris, Devanathan, Miiller,
which also shows the presence and orientation of solvent dipoles. The sketch illustrates the double layer
region, and also takes into account anions specifically adsorbed at the electrode surface.
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2.3 Introduction to Electrochemical Impedance Spectroscopy (EIS) theory

Electrochemical Impedance spectroscopy (EIS) is a powerful tool for the investigation of
electrochemical systems. In recent years, EIS has found various applications and is routinely
used in the characterization of batterieslz, semiconductorsB, fuel cells”, and corrosion
phenomenals.

The advantage of EIS over CV (described above) is that EIS uses very small excitation
amplitudes such as 5 - 10 mV causing only minimal perturbation of the tested system. CV is
used to investigate the response of the system when a direct current (DC) voltage ramp is
applied; EIS is measured by applying a small amplitude alternating current (AC) wave around
a fixed DC potential. In the first characterization step of the substrate, the potential range of
electrochemical phenomena can be found by running a cyclic voltammogram. In the
following EIS measurements this range can be further examined by probing frequency
dependent processes at a fixed DC potential. A broad range of frequencies can be investigated
by EIS (typically between MHz and mHz). EIS measurements can be executed in low
conductivity solutions such as physiological buffer systems. EIS provides data of electrode
double layer capacitance and can give information about charge-transfer kinetics

[Chapter 4.7; NPG capacitance; cytochrome ¢ oxidase reaction].

The concept of complex impedance

In impedance spectroscopy a sinusoidally modulated voltage is applied to an electrochemical
system. The modulation amplitude is chosen to be small so that the system responds linearly
to the perturbation and the output is also a sine wave. In the case of EIS the input sine wave is
a voltage and the measured output is a sinusoidally varying current at the same frequency.
Depending on the nature of the electrochemical system the sinusoidal current response
(Figure 2.3.1) can be phase shifted and display changes in amplitude relative to the incident
voltage sine wave. Ohm’s law known as E = I:R for the resistance in DC (direct current,

continuous current), can be expressed in E = I-Z for the impedance in AC case.

Z== 27
I

Potential (E) values are measured in volts (V), current (I) in amperes or amps (A), and in this

case impedance (Z) as well as resistance (R) in ohms (). In AC circuits resistors, capacitors
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and inductors impede the flow of electrons so that impedance can be expressed as a complex
number with the resistance as the real component and the combined capacitance and
inductance as the imaginary component, so called reactance. In the special case of measuring
the pure resistance, no shift (0) in the two waveforms is observed. They would be accurately

in phase and different only in amplitude.

voltage (E) sine wave

alaVd

Eand I
|

sinusoidal current (I) response

| | | |
Time

Figure 2.3.1: Drawing of sinusoidally varying AC voltage over and the resulting current which shows a
different phase and amplitude to the incident signal.

Equivalent circuit models

In EIS studies the response of the system to the voltage sine wave is modelled as the response
of circuit elements, for example resistors and capacitors. The simplest equivalent (RC) circuit
(resistor-capacitor circuit) that could be used to model the electrochemical cell described in
this work is depictured in Figure 2.3.2. Ryoution 1S the ohmic resistance of the solution between
working (e.g. nanoporous gold) and reference electrode (e.g. silver/silver chloride). Rolution
can be extracted directly from the Bode plot (Figure 2.3.4), when the frequency equals Zero.
Rmembrane 1S the resistance at the electrode/solution interface, e.g. where the lipid bilayer
membrane is built [cf. Chapter 4.7]. Cq (capacitance of the double layer) or Cpembrane 1S the
capacitance at this interface. From this double layer capacitance measurements information on

ad- and desorption processes can be derived.

Figure 2.3.2: Equivalent circuit for a single electrochemical cell.

This simplified equivalent circuit was extended by a constant phase element (CPE) to model
the complexity of the submembrane space of the tethered lipid bilayer established on the
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nanoporous gold substrates [Chapter 4.7]. Several factors can cause the need of a CPE. One
explanation for CPE behaviour is electrode roughness16, e.g. the fractal structure of the

nanoporous gold substrates. Variations in thickness and composition of a coating can be

8

17 . . 1
second reason '. Further reasons can be inhomogeneous reaction rates on a surface ~ and

non-uniform current distribution'.

R, R, CPE
— N — AT —
L,

Cdl

Figure 2.3.3: Equivalent circuit for a complex system.

Impedance plots

The most prominent plot is the so called Bode plot. The Bode plot format shows directly the
magnitude of the impedance IZl and the phase shift (0), both as a function of frequency
(Figure 2.3.4). It is a log-log plot, so that a wide range of frequencies and corresponding

values of impedance can be viewed.
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Figure 2.3.4.: Simulated Bode plot for a simple equivalent circuit model with Ry ution (50Q), Riembrane
(IMQ) and Cdl (1pF).
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The admittance, denoted Y, is simply the inverse of the impedance: Y = 1/Z. An admittance
plot, also called capacitance plot, contains the same information as the other plot formats (e.g.
Bode plot, Nyquist plot) but sometimes allows the system response to be viewed more clearly.
The semicircle shape is due to the interaction between the resistance and the capacitance. The
value of the capacitance can be directly extracted from the graph either from the extrapolation
of the semicircle to the y-axis or from the Y /w value on the horizontal line section of this plot

(Figure 2.3.5).

-5.0e-7
I:{solution Rmembrane
| CdI
I_
0 =
z |
= 50e-7 -
g |

Cdl —*>1.0e-6

1.5e-6 ‘ ‘ ‘
0 5.0e-7 1.0e-6 1.5e-6 2.0e-6

Y'/'w

Figure 2.3.5.: Simulated admittance plot (capacitance plot) for a simple equivalent circuit model with
Rsolution (509), Rmembrane (IMQ) and Cdl (1PF)-
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2.4 Scanning Electron Microscopy (SEM)

The incident electron beam was emitted via a field emission gun (FEG). The interaction
between the incident electron beam and the electrons of the sample (NPG as an electrically
highly conductive material) resulted in the emission of low-energy electrons (<50 V) from
near the sample’s surface, so-called secondary electrons (SE). An in-lens SE detector (Zeiss)
collected the secondary electrons with high efficiency on the same specimen site as the
incoming e-beam. The resulting signal was rendered into a two-dimensional intensity
distribution that was viewed and saved as a digital image. The resolution was about 2.5 nm at
1 kV (~ 1.0 nm at 20 kV and ~ 5 nm at 0.2 kV). This resolution is two orders of magnitude
larger than optical light microscopy, which has its limitations due to the wavelength of visible
light. The wavelength of an electron with a certain energy is around 3 - 6 nm?’ compared to

400 - 700 nm for the visible light.

Figure 2.4.1: LEO (Zeiss) 1530 Gemini

19



Chapter 2. Methods for surface characterization

2.5 Autocorrelation

The one dimensional (1D) autocorrelation function (ACF) can be expressed as a function of a

single variable x:

ﬁ:F(i)-F(HAx)
ACF (Ax) = =, --2.8

Sro]

F(x)

FG)  F(i+Ax)
F(i+4)

Figure 2.5.1: Exploitation of the 1D correlation function. Exemplarily for one data point a shift of Ax = 4 is
shown.

A sequence of discrete values is determined for the function F(i), where i = 1,2,... N refers to
the set of all natural numbers. Ax is the displacement in the x direction.

By adding a second variable y the two dimensional (2D) autocorrelation function

(ACEF) is formulated as follows:

N
D F(i,k)- F(i+Ax,k+Ay)
ACF (Ax, Ay) = 22 ---2.9

{i F(i,k)T

i.k=1

An illustration of the 2D correlation function is shown in Figure 4.4.2 [Chapter 4].

As in the case of the 1D autocorrelation function a sequence of discrete values is determined
for the function F(i, k), where 1, k = 1,2,... N and Ay is the displacement in the y-direction.
The software Igor Pro (version 5.02) was used to resolve the 2D autocorrelation function. The
original SEM images were imported and the parameters such as dimensions in x- and y-
direction, the autocorrelation dimensions and the step size were selected. The number of
nanometers per pixel was defined by the SEM image, and was usually 1.00 nm/pixel. The
larger the chosen area (x- and y-direction) and the smaller the step size, the more precise the

values that could be calculated, but the longer the correlation process lasted.
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3 Experimental Section

3.1 Instrumental - SPR setup

A home-built surface plasmon resonance (SPR) imstni in the Kretschmann configuratfon
was used for optical p-SPR studies. The comporahtise setup are easily transposable or
extendable for additional applications such as telehemical (Chapter 4.5/4.7)
measurements or detection of surface enhancedeficencé The setup was also modified to
monitor localized SPR and propagating SPR simultaneously utilizing aerfibptic
spectrometer, so that the localized plasmon regpa@s recorded from the backside of the
sample, while the propagating plasmon excited bgsar source was detected by measuring
the reflected light from the prism with a photodiodietector. A schematic drawing of the
setup is depicted in Figure 3.1.1. A photograpth setup is then shown in Figure 3.1.2.

Simultaneous study of propagating SPR and
localized SPR on NPG

photodiode '
20 oniometer
laser- .
shutter o/ '« C)/ substrate

HeNe laser (1152 nm)
o )
MMI i /J

chopper polarizer

white light
source

PC

shutter motor- Fiber optic lock-in
controller steering spectrometer amplifier

Ocean optics

USB 2000 ‘

Figure 3.1.1: Simultaneous propagating and localizk surface plasmon resonance setup based on a
Kretschmann configuration. In order to conduct the I-SPR study, a fiber optic spectrometer (Ocean
optics) with a reflection probe was used. The reftgion probe was used for both the illumination andhe
collection of reflected light from the NPG surface.
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Figure 3.1.2: Photograph of the setup.

Briefly, linearly polarized frequency-modulated éadight was used to illuminate the
sample through a right-angle glass prism. The ctdtklaser intensity was focused by a lens
(f=50 mm, Owis) onto a photodiode detector. Thegiency modulator, a chopper
(frequency = 1331 Hz), and the detection unitdsii pin photodiode; Infineon Technologies
Corporation, BPW 34 B) were connected to a lockumplifier (EG&G) as a reference to
filter the noise coming from other light sourceshndifferent frequencies.

For momentum matching on NPG substrate with highplbog efficiency at small
incident angle an IR laser (HeNe, Laser 2000, 10, W 1152 nm) was used. The IR laser
beam was invisible to the human eye light, so th@tassistance of a parallel red laser (HeNe,
Uniphase, 5 mWA\ = 632.8 nm) was obligatory in order to properlygmalthe beam. The red
laser was also used to excite surface plasmonvapogeated, flat Au (50 nm) in the second
project (epitope mapping). A flipping mirror (Owigjas utilized to select between these two
lasers. Before starting experiments an infraredaecerd (0.75 - 1.35 um; Newport, Model
F-IRC1) was always used to ensure that the two lzs@ms remained parallel.

For characterization of the NPG membranes by SP&iows other excitation
wavelengths (594, 780, 820 nm, respectively) wése selected. If other wavelengths were

required the SPR measurements were performed oitaisiget-ups to the one shown in
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Figure 3.1.2 which contained lasers with wavelesgither than the standakd= 632.8 nm
red HeNe laser.

The chopped laser light was passed through a petaiGlan-Thompson) to adjust the
polarization (TE, TM). In the case of high integdésers, e.g. 632.8 nm, a second polarizer
(Glan-Thompson) was used to adjust their intengitghutter was installed to block the laser
beam during any alterations of the setup or togatdtuorescent dyes from photo bleaching.
The sample (prism, gold slide, and quartz flow)catid the detector were mounted on two
coaxial goniometers, enabling precise tuning of ittedent angle of the laseB)(and the
detection angle @. The sample configuration can be seen in Fig@rés3 and 3.1.4. The
high refractive index prism (LaSFN9, Schott Glass | refractive index = 1.85 at\ = 632.8
nm) was connected via immersion ail € 1.7 atA = 632.8 nm) to a LaSFN9 glass slide
which was coated with gold (NPG, evaporated, omplate stripped Au). A thin polydimethyl
siloxane (PDMS) spacer (300 um, with an elliptivale 5 mmx 7 mm) was used to seal the
substrate to a quartz slide (Herasil glass). Twiesm the quartz glass slide provided an inlet
and outlet. Two steel needles were carefully ieseend glued into the two holes to enable
the connection to Tyga tubing (inner diameter 0.76 mm). A peristaltic puifismatec,
Switzerland) was used to pump liquid from a smalitainer (e.g. Eppendorf tube or other
buffer container systems - manually exchanged)utjinche cell in a closed circulation loap
The loop volume was ~ 300 pL, a minimum sample mawf ~ 400 - 600 puL was injected to

guarantee a proper analyte working concentrétion

LaSFN9 glass +

NPG or 50 nm Au

PDMS spacer
ﬂ steel needles

oil

quartz flow cell

Figure 3.1.3: Details of the sample configuration
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Figure 3.1.4: Photograph of the sample holder clampg the flow cell, the PDMS Spacer, the substratenal
the prism. The left side shows the back of the sarg(I-SPR) and the right side a top view (p-SPR) dhe
sample holder.

L-SPR on NPG was measured using a spectrometer ZQE&B Ocean Optics Inc.)
equipped with a reflection probe (R400-7, Oceanid3pinc.) and a light source (HL-2000,
Ocean Optics Inc.). The I-SPR experiments meastiredeflection spectrum of the NPG
sample through the quartz window of the flow-c&ie absorbance spectra were measured by
taking the ratio between the raw detector spectofinrhe measurement sample and the raw
detector spectrum of the reference sample, follolyethking the logarithm of base 10 of this
ratio (log (reference/sample)). In all raw spectthe dark spectrum was subtracted
automatically by the Ocean Optics data acquissioitware. The reference sample was either
the bare NPG substrate or modified by soaking e Milli Q water or buffer. The particular

reference used will be indicated in the text désieg the different absorbance spectra.

3.2. Modifications of the SPR setup: Halogen lamplps monochromator

In order to excite surface plasmons on NPG witfed#int pore sizes various laser wavelength
(594, 632.8, 780, 820 and 1152 nm) were used. Tlasses were located in different setups,
so the cell mounted with the NPG samples had tambeed. It was never possible to
illuminate exactly the same spot at the gold sertadce. Due to inhomogeneities of the gold
film thickness the coupling efficiencies therefométered slightly from measurement to
measurement. In order to measure the same spall fwavelengths the laser was replaced by
a halogen lamp. The light of the halogen lamp wasgé through a monochromator and was
tuned to single wavelengths between 450 nm andm®®0Every 10 nm a SPR scan was

recorded.
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3.3 Instrumental — CV/EIS- setup

Electrochemical studies were carried out using amolab PGSTAT 30 (Ecochemie) with
internal frequency response analyzer (FRA). Thekimgr electrode was a gold film
(nanoporous or evaporated) supported on a glags. dhe electrochemical teflon cell was
tightly clamped to the gold slide with an o-ringhiesh defined an active surface area of
0.77 cni. A platinum coil counter electrode and a silvévési chloride reference electrode
(World Precision Instruments, DriRef-2) complethd tell (Figure 3.3.1). Impedance spectra
were fit using the modeling program contained wittihe Ecochemie FRA software. The
equivalent circuit was &RrCq), Where R was the series resistancey e Faradaic
resistance anddthe double layer capacitance.

platirurm coil

silver { silver chloride T

reference electrode

Figure 3.3.1: Sketch of the electrochemical flow dewhich can serve as a SPR flow cell as well.
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3.4 Further instruments

3.4.1 Plasma cleaner

LaSFN9 (‘Lantharschweflint* Schott) or BK7 (‘Borkron* FisherScientific) glass slides for
the preparation of nanoporous gold substrates wieaned by using an Harrick Scientific
Plasma Cleaner (Figure 3.4.1). The oxygen plasnacted with organic impurities
(hydrocarbons CfJ on the surface producing gaseous products (cadimade and carbon

monoxide) which were easily removed by the conmeeteuum system.

Figure 3.4.1: Harrick Scientific Plasma Cleaner (eganded model)

3.4.2 Surface profiler

For thickness measurements a computerized surfadgep (KLA-Tencor P-10) was used.
The P-10 is a stylus profilometer, that makes usa sharp stylus (~ 2 um tip radius) to
measure the surface topography precisely. Thessigltheld at a fixed position, while the
sample is scanned. The film thicknesses were medsagross a step (2D line scan), where

the nanoporous gold film was scratched away to ld®sgupport by a plastic device.

Figure 3.4.2: Computerized Surface Profiler: KLA-Tencor P-10
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3.4.3 UV/VIS/NIR Spectrometer

For transmission measurements of nanoporous gdidtraties a Perkin Elmer Lamda 900
UV/VIS/INIR spectrometer was used. Tungsten-halogew deuterium lamps serve as
sources. Although "Lambda 900" is a double-beamdmuble-monochromator UV/VIS/NIR
spectrophotometer, only one beam was exploited @asore first a BK7 glass slide as the
reference and then the nanoporous gold membranssnaples in the transmission mode. The
"Lambda 900" system enables spectral recording ft861up to 3300 nm. In these studies, a
range of 350 — 800 nm was scanned in an intervalroh.

Figure 3.4.3: Perkin Elmer Lamda 900 UV/VIS/NIR spetrometer
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3.5 Preparation of Evaporated Gold (EG) films

New LaSFN9 (Lantharschweflint Schott) or BK7 (‘Borkron® Fisher Scientific) glass

slides were cleaned in 2 % Hellmanex® solutionnruéirasonic bath for 15 minutes. Then,
the slides were rinsed with Milli Q water and etblai\fterwards, the slides were dried with
nitrogen or argon. ~ 50 nm gold films were depasitey electrothermal evaporation

(0.1 - 0.2 nm3, 2x10°mbar). The gold films were stored under argon apheee.

3.6 Preparation of Template Stripped Gold (TSG) fins’

Silicon wafer (roughness according to AFM was < 0rB) were cleaned with a solution
consistent of 32 % ammonia (1 part), 35 % hydrogeroxide (1 part), and Milli Q water

(5 parts) at 75° C for 1 hour. Then, the slideseménsed with Milli Q water and ethanol.

Afterwards the slides were dried with nitrogen ayam. ~ 50 nm gold films were deposited
by electrothermal evaporation (0.1 - 0.2 fim& x 10° mbar) on the cleaned silicon wafers.
The gold films on the silicon wafers were then dlwgth EPO-TEK 353ND-4, (n = 1.5922)

to cleaned LaSFN9 or BK7 glass slides and heatdd@t C for 1 hour. The silicon wafer
was split off the gold film just before use.

3.7 Preparation of silane monolayers

In the 1990s, the self-organisation and interfacmbperties of long-chain alkyl-
trichlorosilanes and alkyltrimethoxysilanes wereestigated. Their properties such as SAM
thickness, degree of surface coverage and surfaiemtation were studied by X-ray
photoelectron spectroscopy (XBS)tomic force microscopy (AFM), ellipsometrand
contact angle measuremefits

One nice application for 3-MPT layers for micro tpating through reverse self-
assembly was reported by Bandyopadhyay et.al, ubangelective self-assembly attributes of
the thio group binding to gold and the methoxy grbinding to SiQ substrates.

It is known that silane SAMs form disordered hegemeous domains. 3-MPT layers
on SiQ have been shown to consist of dispersed domains 200 nm in diameter, a
continuous and flat monolayer is not fornfedrhe concentration of 3-MPT, the amount of
water present, the solvent properties, deposit@nperatur€ and incubation time are the
controlling parameters in preparation of well-oeteB8-MPT SAMSs.
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For instance good self-assembly results from#®° M 3-MPT dissolved in benzene
but not above this concentratfdn An increase of 3-MPT molecules on SiGeveals
disordered orientation and irregularities. Theuefice of the 3-MPT concentration on the
morphology of 3-MPT layers might be due to the cotiipa between condensation (self-
polymerization), physisorption and chemisorptiorogess (surface dehydration reaction)
(Figure 3.7.1).
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Figure 3.7.1: Schematic representation of the silaration reaction mechanism®

In the first step of a silanization process, hygs®, a trace amount of ,B or

catalyzer H, OH is needed. In the second step, called condensatiself-polymerization,
water is released. The second step is the crisig in the formation of 1D or 2D & 3D
structures (oligomers). The physisorption of theIBT molecules is followed again by water
elimination termed chemisorption to link covalentty the glass substrate. The silanization
solution together with the glass substrates wateag to 80° C for two hours. After cooling
down the samples back to RT and rinsing with Millthey were immediately used to attach

the nanoporous gold, a delay could cause the mergapup to oxidize.
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3.8 Materials

Materials used for investigations on nanoporousl G [Chapter 4.6]:

Biotin thiol- and oligo-ethylene-glycol thiol- (sper thiol-) derivatives and streptavidin were
kindly provided by Roche Diagnostics and were uagdeceived. 11-Mercaptoundecan-1-ol
as a spacer thiol and 11-mercapto-(8-biotinamidoedoxaoctyl-)-undecanoylamide carrying
a biotin function were used to form a mixed monelayThe thiols (0.5 mM in absolute
ethanol 99 %Y were mixed as follows: one part of biotinylatecotttb nine parts of spacer
thiol in order to reduce the steric hindrance offtilwing streptavidin binding.

Biotinylated rabbit anti-goat antibody (biotinyldtégG, with 5.2 biotins per IgG) was
purchased from Molecular Probes. HBS-EP buffer #édegd 10 mM HEPES buffer saline,
pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.05% (v/v) sutfact P-20, Biacore, Uppsala,
Sweden) was used for the preparation of the prei@imtions. The working concentration for
both streptavidin and biotinylated IgG were 500 nM.

1% (w/v) streptavidin modified polystyrene latexadde (from Roche Diagnostics;
SA-LX; r=56 nm; n = 1.56 ak = 1152 nm) were diluted in phosphate buffer (PB5a
0.01 % working solution. These beads were usedddding up the multilayer architecture

on NPG and flat gold substrates.

Materials used for applications on nanoporous &#d [Chapter 4.7]:

Nanoporous gold films were exposed to a solutiod.@fmg/mL dithiobis -succinimidyl
propionate) (DTSP, Fluka) and 0.42 mg/mL dithiodjgonic acid (DTP, Fluka) in DMSO
for ~ 3 hours. After monolayer formation the samspleere rinsed several times with pure
DMSO and dried in a nitrogen stream. These sanwpées immersed in 0.5 M 4CO; buffer
(pH 9.8) containing 150 mM amino-nitrilotriaceticid (ANTA, Fluka) for several hours
(~ 18 hours). This time the samples were rinset Milli Q water. In the next step, the NTA
terminated surface is incubated with 50 mM Ni@Bigma) solution (pH 5.5) for 20 minutes.
The samples were rinsed again with Milli Q wateheii the sample was mounted on the
SPRI/EIS setup and the flow cell was floated wittSRiffer.

2 UM cytochrome c oxidase (CcO) dissolved in 0.In%odecyl$-D-maltoside
(DDM; Merck) and 50 mM phosphate buffer was addedtite Ni-NTA-modified gold
surface. Excess CcO was removed by rinsing witrsphate buffer containing 0.1 % DDM.
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Detergent- solubilization ensures the full functibmtegrity of CcO. Then, the lipid solution
(0.01 mg/ml DiPhyPC/DDM buffer; 1,2-diphytanogrt-glycero-3-phosphocholine
(DiPhyPC), Avanti Polar Lipids; Alabaster AL) wasdded. Macroporous Bio-Beads
(BioRad) were inserted carefully into the flow dellremove the DDM.

Finally, cytochrome c (Cyt c; from bovine heartg®ia) was injected to prove the

functionality of the CcO.

Materials used in the centrin project [Chapter 5]:

Gabi buffer (buffer for the transducin):
20 mM BTP (1,3-Bis]tris-(hydroxymethyl)methylamimpwppan),
* 130 mM NaCl
« 1 mM MgCh
« 2 mM DTT (Dithiothreitol)

Buffer F (buffer for the centrin):
20 mM Hepes (pH 8.0)
* 100 mM NaCl
« 2mMEDTA
* 11 mM CHAPS
* 1mMDTTinddH20
« Addition of 10 mM CaClor 6 mM EGTA
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4. Nanoporous gold (NPG) membrane

4.1 Advantage of Porous Gold - new plasmonic matedi and the aim of the study

Nanoporous metal materials composed of two- angetdimensional porous structures are
becoming increasingly important in analytical andtenials chemistry. The development of
many new synthesis methodologies have resulted varigty of novel materials that can
exhibit extraordinary propertigg > *>

Numerous possibilities are described to create ostuctures such as: nano particle
lithography, templated growth ® E-beam etchiry chemical etchind™® electrochemical

etchind®, etc. All of these methods can be used to createtasres with different pore sizes.

Table 4.1.1: According to IUPAC nomenclaturé™ 16, microporous materials possess pore diameters a@fds
than 2 nm and macroporous materials have pore dianters of greater than 50 nm; the mesoporous
category belongs to the middle.

Porous materials Pore diameter IUPAC notation
Carbon, nitroprussides less than 2 nm MiCcroporous
NPG, silica, aluminum; 2-50 nm mesoporous
oxides of titanium, tin, zirconium

Glass, polymeric greater than 50 nm macroporous

The types of pores are defined by IUPAC® (Table 4.1.1). Materials with pore sizes less
than 50 nm are termed mesopordusThe term “nanoporous” refers to pore diameters
between 1 and 100 nm.

Recently Erlebachest al* reported a novel way to fabricate freestandingoparous
gold (NPG) membranes using a wet-chemical dealtpyirethod [Chapter 4.2 fabrication].
Dealloying is the dissolution of less noble compusefrom a metallic solid. This
phenomenon has an ancient history starting withirtkans dealloying copper from Cu/Au
alloys known as depletion gilding. Other synonynfsdealloying are demetalification,
etching, selective corrosion, selective leachingghening transition or parting.

In a binary AB1.x alloy a porous structured metal A can be achidyedolving out
the less noble component®BThere are many examples for this phenomenon: wd-2Au-
Ag'®*2 Au-Cut, Cu-Al (selective dissolution of Al due to a leamh reaction in 2-8 M
NaOH?Y).
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Porous materials can be manufactured by differegthads such as annealing of an
alloy?!, immersing an alloy in a corrosive b&tff, radiation-assisted selective dealloyihgr
some combination of these treatméhts

Nitric acid as a highly corrosive solution has besed in different concentrations for
etching Ag/Au alloy in Europe since the twelfthtbirteenth century.

Here, a commercially available, mechanically thohri2 carat white-gold leaf is
etched in nitric acid. This simple method produaesthree-dimensional bicontinuous
mesoporous metal with a tuneable ligament sizehenorder of ~ 10 - 50 nm. The NPG
leaves exhibit an enhanced surface area relativtatogold, of the order of 10 frg™
depending on the etching times. The ultra-thin@ &m thick) NPG sheets have a geometric
surface area of ~ 100 émwhereas the accessible surface area of such esuispdf the order
of 1000 crd, and the material thus lends itself naturallyatatysi$? and sensing.

There are many other benefits to using NPG sulestfair the fabrication of NPG one
can utilize the ability of the thin gold leaf ta#ét on the surface of aqueous solutions. The
fabrication of the NPG substrates is describedeataitin Chapter 4.2. The decorative gold
leaf is also inexpensive, costing less than 1 pentnf, as the gold sheets are widely sold for
non-scientific purposes, such as the designinglafs in churches. The gold leaf is produced
by a highly parallelized cold working process whatlows thousands of sheets to be formed
simultaneously with very few defects appearinghie hammered leaves.

The aim of this study was to further extend the igppbn of NPG leaf into the (bio-)
sensing field by investigating its intriguing abyjlito support both propagating and localized
surface plasmon resonances (SPR) simultaneouslyp{€@hd.6]. Generally, NPG can be
considered as a rough, high curvature, yet contiagnld membrane. As a result, it shows
features of both planar metal films that exhibigagating-SPR (p-SPR) and nanostructured
metal materials that exhibit localized-SPR (I-SP#)p kinds of optical excitations used in
state-of-the-art optical sensing technologies. Witthie context of the sensing application,
one can notice that these NPG membranes are ngttramislucent, but also appear to be
copper hued instead of being gold colored. In @alditcolor changes are discernable to the
naked eye upon adsorption of thiolated monolay€igure 4.1.1 shows a photo of a
nanoporous gold membrane with a thiol (3-mercapiipnic acid) modification in the center
position. The simple adsorption of such small males is enough to modify the absorbance
spectrum to the naked eye, so that the modifiecemahtiooks somewhat bluer. This effect

motivated a study of the optical response of narmpogold leaf.

35



Chapter 4. Nanoporous gold (NPG) membrane

NPG
NPG+thiol

Figure 4.1.1: A photograph of a nanoporous gold mebrane attached to a LaSFN9 glass slide with a thiol
(3-mercaptopropionic acid) modification in the cenér position.

Another advantage of NPG compared to a planar,edsuaistrate is the possibility to
transport ions through the porous netwokk. a result the substrates were investigated as
supports for lipid membranes, where the pore cagtdas ionic reservoirs underneath the bi-
layer [Chapter 4.7]. A summary of advantages asddliantages of NPG can be found in the
appendix [Chapter 8.1].
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4.2. Fabrication of Random Nanoporous Gold Substrats

4.2.1 Cleaning of the glass slides

New LaSFN9 (Lantharschweflint* Schott) or BK7 (‘Borkron" Fisher Scientific) glass
slides were rinsed by Milli Q water, dried with noigen or argon and treated with oxygen
plasma (Harrick Plasma); RF level: “High” forl5 min.

Conventional cleaning methods cannot completelyorkarcontaminations from glass
surfaces, which are mainly from solvents after mileg. The glass substrates were plasma
cleaned to remove even non-visible contaminatidrig/drocarbons. An additional advantage
is that plasma treatment activates the surfacentweased bonding strength. Finally, plasma
cleaning is much safer than cleaning and activatiegglass slides with piranha solution (3:1

mixture of sulfuric acid and 30 % hydrogen peroxide

4.2.2 Silanization of the glass slides

The plasma activated glass slides were directly ensed into the silanization solution; a
mixture of absolute ethanol, Milli Q water and Griblar (3-mercaptopropyl) trimethoxy-
silane. [400 g EtOH/10 g water/10 g 3-MPT equivalen506 ml EtOH/10 ml water/9.46 ml
3-MPT converted by the specific gravities; (3-MPTolecular weight 196.3; ¢E1,603SSi)].

The 3-MPT silane molecules formed self assembly rnayeos (SAMs) on the
substrates and acted like a glue providing adhebetmveen the silica surface and the
(nanoporous) gofd. The principle of this strong adhesion is covaleonding®. If 3-MPT is
not used, the porous gold is poorly adherent togthes substrate and is easily removed in

water.

4.2.3 Wet-chemical acid etching of the decorativeotd leafs

Commercially available decorative, genuine 12 cas@te gold leafs containing Ag/Au alloy
(1:1 ratio by weight; Monarch brand) were purchafedh Sepp Leaf Products. Inc (New
York). The chemical etching process, also calledlldging, was used to fabricate NPG.

During the etching process of the decorative dedes the silver is dissolved while

the gold atoms tend to cluster and form larger sires of gold-rich islands (Figure 4.2.1),
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rather than to distribute themselves homogeneanay the whole surface, which would stop
further etchingf’

ISLAND GROWTH
—
AgDISSOLUTION | f
. .
| Au ]| Au-RICHISLAND
Ag | Au Au

Ag-Au ALLOY

Figure 4.2.1: Gold island nucleation and growth dueo high concentration of gold adatoms by the surfee
dis- and reordering mechanism.

4.2.3.1 Execution of dealloying (experimental part)

With the help of a moistened graphite roller thprag. 100 nm thick decorative gold leaf was
taken out of the booklet (500 gold leaves) andagbien Milli Q water in order to be flattened
(Figure 4.2.2.1). In the next step this leaf wasnsferred via the graphite roller to a
concentrated (70 %) nitric acid (Fisher) bath, vehibie silver was dissolved within minutes at
room temperature. During the etching of the golaf leregularly shaped structures were
formed (“spongy” gold, Figure 4.2.2.2). Degradatafrthe light- and oxygen sensitive nitric
acid was avoided by always using a fresh nitricl adlution and a teflon trough with teflon
lid/cover. This teflon trough was designed in sactvay that there was almost no air above

the nitric acid level. The chemically etching prdaee is described as follows:

4 HNG;+ 3 Ag - 3 AgNG; + NO+ 2 H,O —-4.1
2NO+Q - 2NOt - 4.2

For safety reasons the corrosive etching proceda® carried out in a fume hood.
After 5 minutes immersion most of the silver wakestvely dissolved as easily soluble silver
nitrate. Leaving the gold leaf for longer time pels in the concentrated nitric acid caused the
pore size to become larger due to the rearrangeofethe gold atoms. The gold atoms are

able to move ~ 1 nm during 1 §&cThis fast surface diffusion occurs only in elebtte and

38



Chapter 4. Nanoporous gold (NPG) membrane

can be easily stopped by taking the leaf out ofrtiieéc acid and transferring it to Milli Q
water (Figure 4.2.2.3). It has been shown thatntioephology achieved during the etching

process remains stable in water for at least sixtmon

12 carat white gold
decorative leaf (Ag/Au,
1:1 ratio by weight)

Lv

LI ]
“NINNEEER

A4

3-MPT OC/S‘i\OCHS
......... silanized FEOCH3
glass 3-MPT

Figure 4.2.2: Fabrication of the NPG substrates

After etching, the nitric acid solution was removiedm the teflon trough and the
NPG was washed several times by pumping in Miliv&er with a syringe. A silanized glass
substrate [Chapter 4.2.2] was adjusted at an ahgleallowed the thin nanoporous gold
membrane to be attached onto it by further loweohthe water level (Figure 4.2.2.4).

After air-drying of the samples the nanoporous gaidmbrane were permanently
bound to the glass slide via the thiolate layer mmdained stabfé Only a very small amount

of gold remains (per area of the NPG, the goldewiris only 0.12 mg cih)®.
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4.2.4 Electrochemical dealloying

For some special applications of NPG it was thoughte useful to fabricate smaller pores
than those resulting from 5 min chemical etchingcpss, which is the minimum time needed
to chemically dissolve the silver. Upon applyingaential difference during the dealloying
process, the resulting silver nitrate is dissolvathin seconds, so that the resultant pores
were much smaller than the pores achieved by dmynical etching.

The slightly varied experimental set-up is depietuin Figure 4.2.3. Crocodile clamps
were fixed on the metal screws of two graphiteersliplaced in the concentrated (70 %) nitric

acid bath, so that an electric current can be passeveen them.

Figure 4.2.3: Experimental setup for electrochemidadealloying method.

In this case the gold leaf is not completely rolétithe graphite roller as it is done for
the chemical etching process. If a potential isliadpthe corrosion of the decorative white
gold leaf is so fast, that no teflon coverage iedeel during the acid treatment. The color
change due to the dealloying can be easily followgdthe naked eye; the smaller the
resulting pores the blacker the substrates appeared.
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4.3 Scanning electron microscopy as a tool to vislime the NPG morphology

Scanning electron microscopy (SEM) is capable ofipcing high resolution images of the
nanoporous gold surface. All images were acquissdgua LEO 1530 Gemini SEM operated
at an acceleration voltage of 3 kV (low voltage SEMgure 2.4.173°

100 1;:;,11

b

p—t

Figure 4.3.1: Scanning electron micrographs of th&lPG substrates for different etching times (chemida
etching method). The shortest dealloying time was Binutes, the longest was 2 days. On the left sidee
up views (top views) are depicted; and on the rigtgide the lateral views are shown.

The SEM technique was employed in order to morihierporous structure evolution

of the NPG substrates for different etching timeégure 4.3.1 presents a series of SEM
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images starting from five minute etched NPG, andrendith the 2 days etched NPG. The
longer the decorative white-gold leaf remained Ie tnitric acid bath [Chapter 4.2,
fabrication] the larger were the resulting pdfeBor the five minute etched NPG a small pore
size was found. Continued immersion in the nitdiwdath resulted in bigger pore sizes. The
biggest pore sizes were obtained in the 2 daysayeal sample.

The scanning electron microscope images reveaksul tabt NPG slides possessed
large crack-free areas that were important fohmrinvestigations of the substrates.

The two volt electrochemically dealloyed NPG possdshe smallest pores, followed
by the 1.2 volt electrochemically etched NPG (Fegdir3.2).

1.2 volt
ekl o

nv-:: (::‘LU ‘,’z‘_ - ‘-f
L 2ol
® Y1 * - L

Figure 4.3.2: SEM images of the electrochemicallyedlloyed NPG substrates applying a potential of 2olt
and 1.2 volt, respectively, are shown. On the lefide one can see the up views (top views); and dre tright
side the lateral views and the electrochemical sqilare depicted.

As the average pore size was determined by SEMamggan view), the thickness of
the NPG was extracted directly from the lateraWi®EM (cross section). The thicknesses
were around 100 nm. A surface profiler (Figure B.4onfirmed thicknesses of ~ 100 nm —
150 nm for the NPG substrates.

The side views also showed that bigger structuese Wormed during the gold adatom
rearrangement and thus with longer etching timesotiiginal three dimensional nanoporous
structure became a two dimensional structure.
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4.4 Two dimensional autocorrelation to determine th typical structure size of the NPG

for different etching times

Autocorrelation as a mathematical tool is frequented in signal processing for analysing
functions or series of values. An autocorrelationction can be applied to find typical length
scales in speciméfi*®. Scanning electron micrographs consist of picteiements (abbr.:
pixels) and contain information about the typiaaidth scale of nanoporous gold substrates
expressed in gray scales. The pixels are the sshatiressable imaging elements (discrete
values). In the x-and y- variation of the gray ssahe microstructure of NPG is represented.
The gray scales correspond to numbers, the highbatsmrepresent bright area (rough gold
“knobs”) and the lower numbers dark areas (voidédaction).

The pore size difference shown in the SEM imagat@iamples of different etching
times is obvious even to the naked eye and coul@dbenated. But the two dimensional
autocorrelation is a well defined algorithm thatswesed to obtain a more accurate number for
the typical length scale of each NPG sample.

The 2D autocorrelation procedure is illustrateddetail for the 2 volt etched NPG
sample below. The gray scale of the SEM image atflethe morphology of the porous
substrate, even if the numbers associated withrniemsity do not necessarily refer to the
absolute height of the gold and depth of the poegpectively. Some inhomogeneities, like

the grain boundaries, crinkles or cracks in thelgoémbrane can be averaged out choosing a

large enough area.

Figure 4.4.1: Scanning electron microscope image tie two volt electrochemically dealloyed nanoporas
gold substrate, loaded in Igor Pro.
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Figure 4.4.2: This three D image plot represents th autocorrelation function ACF @x, Ay). The
parameters described on the right hand side are ssited for this autocorrelation process. The colorgive
information about the surface of the 2 volt etchedample.

Running a 2D autocorrelation procedure generat&b amage plot (Figure 4.4.2),
which could be converted into a 2D diagram, whé ¢orrelated data points are plotted
versusAr (Figure 4.4.3 + 4.4.4). In order to obtain théueafor the typical length scale, it was
first necessary to average over all of the datatpoilhe straight line displays the arithmetic

mean of all the data points in one x interval cgpmnding to the step size.

2 volt etched NPG sample

1.06 \ onmee

1.04 | A

1.02 | s

Y: Autocorrelation Function

1.00

0 10 20 . 30 40 50
X: Ar=((Ax)2+ (Ay)?) ¥ [nm]

Figure 4.4.3: The 2D diagram shows the data pointgsulting from the ACF, which are plotted versusAr.
The solid line is the arithmetic mean derived fronone x interval. (2 volt etched NPG sample for instece).

Reading off the maximum and minimum y - value &f thean curve leads to the y
middle Valu€ (Ymax— Y min =Y middie)- IN this study it was defined that the correspogc - value
to this ymigdle Value identifies the number for the half typicahdith scale; and the full width at

half maximum equals the typical length scale.
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0—0 typical length scale I
. @@ nhalf a typical length scale |

Y: Autocorrelation Function

pore pore

X: Ar=((AX)2+ Ay)2) % [nm]

Figure 4.4.4: Schematic presentation to find typiddength scales with ACF method.

The two dimensional autocorrelation procedure diesdrabove has been carried out for all
the different NPG samples created by electrochdnaind chemical dealloyingScanning
electron micrographs were recorded for each NPGplamat several different spots on the
surface.

Due to the irregularities of the NPG substratess&idution of values for the typical

length scale was derived. The error was calculayatidstandard deviatiasr

a:\/ﬁi(xi ~X)? 43

The resulting error is shown as error bars togethtr the values of the typical length

scale derived from the autocorrelation methodKigure 4.4.5).
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Figure 4.4.5: The values of the typical length scalresulting from the 2D correlation of the NPG samies
created by a chemically etching procedure are plotid versus the dealloying time. The error bars indiate
the standard deviation.

The correlation procedure confirmed the increaspare size that could be seen from the
SEM images by the naked eye. The electrochemietdlyed NPG substrates had the smallest
structures, such as length scales between 6.72 rn7 for the 2 volt sample and 9.2 — 9.4 nm
for the 1.2 volt sample (not shown in Figure 4.415was not possible to produce length
scales less than ~ 12 nm by the chemical dealloyiathod; this was due to the fact that at
least a five minute residence time in the nitridagas needed to dissolve the silver, which
leads to a morphology with typical length scalesuad 12 to 14 nm.

There is nearly no discrimination in structure depeent between the 5 min etched
sample and the 2 hour etched sample. However lwnigdahe decorative gold leaf in the
acidic bath for 5 hours, 24 hours or 48 hours iiswssible to monitor the structure
development up to 28 nm as a typical value to desdthe structure elements.

It can be concluded that analysing the SEM pictwiés the 2D autocorrelation tool is
useful for finding typical length scales of the NBGbstrates created with different etching
times. It should be remembered that these numbeysnat absolute values that can
completely characterize the pore sizes, becaus8Eh images did not accurately reflect the
fractal morphology (randomly distributed pores)loeé NPG and the NPG also exhibited a lot

of inhomogeneities (structural irregularities).
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4.5 Cyclic voltammetry and electrical impedance smtroscopy as methods to determine

the surface area of NPG substrates

The surface area of the NPG was characterized hgliccywoltammetry (CV) and
electrochemical impedance spectroscopy (BISh cyclic voltammetry an oxide layer
(Au203; AuxOy) was formed at potentials positive of 1 V durimgdic scans in 1 M sulfuric
acid (HSQy). As the applied potential was reversed, the olagier was stripped and a sharp
peak was seen in the cathodic scan of the voltamandgThe area under the reduction peak
is proportional to the charge needed to reduceytihe oxide monolayer and is related to the
surface area of the gold fifth In order to obtain the enhancement (roughnessdrffathe area
under the cathodic peak of the different porouspaswas compared to the area obtained for
evaporated flat gold films. As an example for theakve and reductive scans, the complete
cyclic voltammogram of a 15 minutes etched NPG dangp shown in Figure 4.5.1. The
current in amperes is plotted versus the potemtialolts with respect to the silver/silver
chloride reference electrode. The area under tihect®n curve for integration is marked in

orange.

/\ AuyOy

1 Au
1_ /\//

Au AuyOy

iImA
[aey
|

——NPG 15 min etched

— 1 1 ~ T 17 ~ 1T T T * 1T " 1T "1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

E/V vs.Ag/AgCI

Figure 4.5.1: The cyclic voltammogram for a 15 mintes etched NPG sample. Gold oxides were formed at
positive potentials and reduced at less positive pentials. The sweep rate in 1M HSO, amounted 100
mvs™.
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In Figure 4.5.2 the cyclic voltammograms of NPG sttdies (chemically etched for
5 minutes, 15 minutes, and 1 hour) and evaporaeuseal gold fiims are depicted to
demonstrate the large surface enhancement of tlhepsubstrates. The reduction peaks were
integrated by using the software Origin (versids).7.

—EG, 100mV/s,
| ——NPG, 5 min etch, 100mV/s,
NPG, 15 min etch, 100mV/s,
14 ——NPG, 1 hr etch, 100mv/s,

imA

2
02 00 02 04 06 08

1.0 1.2 14 1.6 1.8

E/V vs.Ag/AgCl

Figure 4.5.2: The cyclic voltammograms of the 5 mimes, 15 minutes, 1 hour dealloyed NPG (colored
lines) and the EG film (black line). A sweep rate 0100 mV/sec was applied.

As a second method electrochemical impedance sgeopy was used to obtain
values for the double layer capacitance of the NiR@s** [Chapter 2.3]. Provided that the
distance of closest approach of the counter ionsuiiciently small, the double layer
capacitance will be proportional to the surfaceaakthe gold films. The impedance spectra
reported were taken at 0.3 V versus silver/siNgorcde in 1 M sulfuric acid; at this potential
no Faradaic peaks were seen in the cyclic voltamymet

Figure 4.5.3 shows then the variation in the s@facea of the different NPG
substrates with respect to chemical dealloying timeasured by both CV and EIS, whereas
Figure 4.5.4 shows that area enhancement aftetr@eemical dealloying. In all cases it is
assumed that the EG films had a relative surfaea af 1 and the numbers shown refer to the
surface increase relative to these films. All NB@dg show enhanced surface areas relative to
EG.
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Figure 4.5.3: CV and EIS measurements for the chewally dealloyed NPG samples compared to EG. The
NPG samples etched for 5 min, 15 min, 60 min anddays are shown.
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Figure 4.5.4: CV and EIS results of electrochemichl etched NPG (1.2 volt and 2 volt) in comparisonat
EG. The first data point displays an evaporated gal film with a dealloying time of zero.

The 2 volt etched NPG samples exhibit the smaflests (SEM) and show an 11 fold

increase in the double layer capacitance relativieG. The 1.2 volt electrochemically etched
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NPG substrates show 5 - 7 times larger surfacesategmn the EG substrate. The 5 min
chemically etched NPG films have surface areasm@dilarger than the EG. The largest
surface enhancement (~ 10 fold increase; 9.6 (&h8)8.5 (CV)) was seen for the 15 minute
chemically etched sample. Chemical dealloying tinh@sger than 15 minutes led to a
decrease in the surface area enhancement. Thisadecwas thought to correlate to the
formation of bigger structures during the gold adatrearrangement (Figure 4.5.6). Large
structures possess a much smaller surface to voltatie than little structures. The
development of large structures was seen in tieedatiew of the SEM images [Chapter 4.3].

The surface enhancement measured by CV agrees youihlthat measured by EIS;
in addition the same trends are seen by both msthatth respect to increasing chemical
dealloying time. The EIS revealed slightly highalues for the surface enhancement in
comparison to the values measured by CV. A reasadcbe that gold oxides were not
formed all over the NPG surface.

Since mechanically thinned 12 carat white-gold l\®ak the starting material for the
fabrication of nanoporous gold membranes, a fevonmbgeneities in the thickness of the
NPG substrates are expected. By using a surfaceepri@hapter 3.4.2] the thicknesses were
pre-estimated. Here, a more precise method wasedeta calculate the thicknesses and
possibly correct the factors of surface enhancenobtsined by cyclic voltammetry and
electrical impedance spectroscopy, respectively.

For that reason, an UV/VIS/NIR spectrometer [Chaftd.3] was used as a second
method to determine the thickness of the nanopogmld membranes by measuring the
absorbance in transmission mode. The UV/VIS speofrahe differently etched NPG
substrates are shown in Figure 4.5.5. Three to &fferent positions per substrate were
measured to get an average of the respective samplén the UV region no plasmonic
features were seen, the absorbance was read)off 400 nm in all cases. These values were

used to correct the electrochemical data.
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Figure 4.5.5: UV/VIS spectra of the differently etbed NPG substrates: 2volt and 1.2 volt
electrochemically etched; 5 min, 15 min, 60 min an® days chemically etched. BK7 glass was the
reference.

The UV/VIS spectra indeed revealed inhomogeneitésthe samples, not only
between the differently dealloyed samples, but algbin the sample. Especially, the 2 days
chemically etched sample was measured at four rdifte positions and showed huge

differences in the absorbance.
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In the following paragraph, the mathematic corretat between surface area
(determined by CV and EIS) and volume (thicknessaasueed by UV/VIS) is described
briefly. A spherical model of NPG is chosen for plification. Here, a sketch of gold spheres

illustrates the structural changes caused by th#ayeng procedure (Figure 4.5.6).

dealloying

_—

Figure 4.5.6: The formation of bigger gold structues during the dealloying procedure leads to largeradii
and smaller surface areas, but constant volumes.

The surface area (A) of a sphere of radius (r) is
A = ATV — 4.4
and the volume (V) of this sphere is

= 2 o 45
3

Subsequently, the ratio of the surface arealamdolume is

A 46
\%

= |Ww

Therefore, the decrease in surface area duringdéadloying procedure was thought to
correlate to the formation of bigger structures doethe gold adatom rearrangement
(Figures 4.5.6 and 4.2.1).
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Figure 4.5.7: Coherency between surface area enharent measured and 1/typical length scale. Results
of CV (unfilled circles) and EIS (filled squares) @ae plotted. The chemically etched NPG samples are
shown in black and the electrochemically etched osdn gray. The dashed lines are a guide for the eyd
the beholder. Left: uncorrected CV and EIS data. Ryht: thickness corrected data sets.

In Figure 4.5.7 the experimental data obtained bya@d EIS were summarizet@he
data of chemically and electrochemically etched N&UbBstrates were plotted against the
inverse typical length scales that were determimedutocorrelation function. The data point
at x = 0/ y = 1 represents the evaporated denskfigol

Generally, the surface area (A) of a sphere isrgalg proportional to its radius (r),
(A O rY). Therefore, the gold-rich islands of the NPG difigal as spheres were expected to
show a similar correlation of the surface areaht® determined typical length scales. The
dotted lines through 0.5 guide the eye of the lidrolto follow the trend of surface
enhancement compared to the flat case. Since NRgnaly was a white gold leaf,
composed of 1:1 silver and gold, the non etchedhseris thought to possess half of the
surface area of an evaporated pure gold film.

The graph on the left side shows the uncorrecteda@YEIS data, while the graph on
the right side contains the thickness corrected dats. The right plot identifies a different
behavior of the chemically and the electrochemycatthed samples (two dotted lines). The
chemically etched NPG substrates came closer to prezlicted model, while the
electrochemically etched NPG membranes further rdask Several reasons can be
considered why the electrochemically dealloyed dampehaved differently to the other
samples. One reason could be an error in the UVABSrbance. For example, loss of light
due to more scattering compared to the chemicétlyeel samples leads experimentally to an
overestimation of the absorbance, thus falsifyttiekness measurement enormously.
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4.6 Simultaneous Excitation of Propagating and Lod&ed Surface Plasmon Resonance
in Nanoporous Gold Membranes (p-SPR and I-SPR)

The use of nanoporous materials for the opticasisgnof adsorbates has obvious advantages
— in addition to the potential for greater sengdivthe different length scales associated with
a variety of optical phenomena allow for a greatmiiety of adsorption characteristics to be
examined. Here, it is shown that ultra-thin (~ X08) nanoporous gold (NPG) membranes
possess features of both planar metal films thhibéxpropagating SPR (p-SPR) excitations
and nanofeatured metals that exhibit localized §FSPR) excitations. This is the first report
of such multifunctionality in a plasmonic materillustrative examples of using this material
to probe bio-recognition reactions and to probe #tmicture evolution of different
layer-by-layer deposition systems are given. Tlsalte are consistent with the very different
lengths of the tail of the evanescent field decagsociated with each of these plasmon
excitation modes (Figure 4.6.1).

Generally, surface plasmon resonance refers togdmeration and propagation of
plasmons at metal/dielectric interfaces [Chapti&f. Zhe propagating and localized plasmon
resonances that were studied here were both exititedgh interaction with a stimulating
radiation, but the geometries of the excitationsewdifferent. In p-SPR, plasmon waves were
generated at metal/dielectric interfaces in théetesnultilayer systems (See Fig. 4.6.5 and
4.6.6; 4.6.13 and 4.6.15) under conditions of totaérnal reflection of the probe light
sourcé. When examining such a multilayer (for instancetie geometry of a thin film), at
just the right incident angle/probe radiation wawgjth, there was resonant absorption. The
evanescent tails of p-SPR waves are long, in thgeraf 200 — 300 nm, much longer than the
thickness of the applied multilayer films, and tlapresented a long-range average response
of the multilayer. Analytically, p-SPR scans ofleetivity versus angle are analyzed in a
straightforwvard way using the Fresnel equationse Tpical experiment employs the
so-called Kretschmann configuratirwhere a probe laser reflects off the backsidehef t
multilayer through a high index glass prism (LaSIEN@ contrast, localized SPR excitations
occur around high (nanoscale) radii of curvatureailfsielectric features; consequently, the
evanescent tail of -SPR excitations are typicaflya similar length scale as the nano-feature.
The theoretical underpinning of I-SPR, developedMig et al, can be used to model the

I-SPR response of nanoparticles with spherical sgmy?t and more recently, a

! Chapter 4.6 is based on the following publicatign; F.; Ahl, S.; Caminade, A. M.; Majoral, J. P; &®h W.;
Erlebacher, J., Simultaneous excitation of propagaind localized surface plasmon resonance inp@oos
gold membraneginalytical Chemistry 2006 78,(20), 7346-7350.
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computational methodology to calculate the respooisarbitrary-shaped metal/dielectric
interfaces has become availafleExperimentally, localized SPR has been examinetivo
and three-dimensionally roughened gold films mage variety of method$ * but not in
nanoporous gold. The primary mode of examination-8PR excitations is to look at an
absorption or reflection spectrum as a functiowafelength at a fixed angle of incidence.
Anomalous absorption peaks, usually in the visiblege, that can be correlated to size effects
within the target material are ascribed to localizarface plasmons.

The trick to make a material exhibiting good I-SBRto make it microscopically
extremely rough in order that the statistical numbkfield magnification points is large
enough to generate a macroscopic response. Ustialy, I-SPR excitations are events within
the bulk of a porous metal/dielectric compositecusdng at sharp curvatures and small
structures, where the geometry is just right. Fasé conditions, there is a huge resonance
leading to greatly enhanced absorption, usualthénoptical spectrufi*? In random porous
media with a statistically relevant number of thesents exhibiting I-SPR excitations, the
overall material response will be a characterisfitical absorption spectrum. If there is a
chemical adsorption event that changes the digeobnstant within the porous media, then

the absorption spectrum will also change.

Evanscent tail of
p-SPR

Evanscent tI of I-SPR

Figure 4.6.1: A sketch of NPG substrate coated witla dielectric demonstrates the different evanescent
decay length of I-SPR and p-SPR field.

The SPR setup in the Kretschmann configuration p&ra3.1] was used to
characterize the p-SPR response by monitoring éfiectivity of the nanoporous gold as a
function of incident angle with irradiation at difent wavelengths (594 nm, 632.8 nm,

780 nm, 820 nm and 1152 nm, respectively). A saxfemngularly resolved reflectivity scans
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for NPG samples (Fig. 4.6.2(A)) clearly shows armsgr wavelength dependence of the p-SPR
signal. The longer the laser wavelength, the smagpthe SPR dip and the smaller the dip
angle. For example, using the= 632.8 nm laser, the p-SPR response was heaaihpdd by
the rough NPG and showed a broad minimum with a FWef ~ 23 degrees in the
reflectivity curve, in contrast to a much sharp®&RSdip obtained from an evaporated gold
sample using the same laser wavelength (FWHM ~ edsy (data not shown). With the=
1152 nm laser, however, the FWHM of SPR dip wasrawgd to ~ 1.1 degrees; this may be
ascribed to a more efficient SPR propagation antktal-dielectric interface, which to some
extent compensates for the inevitable impingemestisring loss of light due to roughness at
the NPG/glass interphase. Referring to Raetheesriff, the dispersion-relation (between
angular frequencwand wave vectok) [Chapter 2.1.1] curve at the metal/dielectrierfdce
approaches asymptotically to that of the free phataair. At a longer laser wavelength, these
two dispersion curves become closer and smadleector amplification factor by the
high-refractive-index prism is needed to fulfillettSPR excitation condition. Therefore, for
longer laser wavelengths, the resonance couplipgdreas at a smaller incident angle where

the in-plane component of tlkevector is smaller.
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Figure 4.6.2: (A) The excitation of p-SPR on 100 nrthick NPG using lasers of different wavelengths. fie
measurements were performed in air using a right-agle BK7 glass prism.

56



Chapter 4. Nanoporous gold (NPG) membrane

(B) 80+

70

60

Reflectivity /%

50

NPG 100nm /SAM /air p-light
NPG100nm /SAM /air s-light
NPG200nm /air p-light

40

T T T T T T 1
20 30 40 50

Angle /degrees

Figure 4.6.2: (B) p-SPR curves of (1) 100 nm NPG,-golarized laser, A=1152 nm; (2) 100 nm NPG,

s-polarized laser,A=1152 nm; (3) 200 nm NPG, p-polarized laseA=1152 nm. The measurements were
performed in air using a right-angle LaSFN9 (Schotiglass) glass prism.

The argument that p-SPR excitation is obtained W®G was supported by the
reflectivity results in Figure 4.6.2 B, which shdhat the SPR minimum was absent if the
sample was irradiated with an s-polarized 1152 nm laser. Additionally, a 200 nm NPG
layer only exhibited very limited SPR coupling efincy using a p-polarizesl = 1152 nm
laser.

One may expect that the porous network and micmpeaoughness of a nanoporous
gold membrane will have a significant effect onpitSPR behavior. A few studis*® have
examined p-SPR on rough metal films, and theseieguchay be considered being the
foundations of the work reported here. Generalhg effect of roughness is to strongly
perturb the reflectivity band by damping propagatsurface plasmon modes (SPs). Such
perturbations may be analytically described by mersg the forward scattering and
directional backward scattering of non-radiatives Se to roughness. The general result is
that resonant absorption peaks in the angularctefity scan tends to be broadened in

comparison to volume-equivalent films with sharferfaces.
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Dense, non-porous, gold films thicker than 47 nnhilgk very limited plasmon
coupling efficiency as evidenced by the Winspathdations depicted in Figure 4.6.3. A
100 nm dense gold substrate, for instance, revaatsmilar degree of surface plasmon
coupling to a 200 nm thick NPG substrate (see Eigus.2 (B) above).
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Figure 4.6.3: Winspall (version 2.20) simulations r@ shown for surface plasmon excitation of 47 nm §1
and 100 nm (2) evaporated flat gold films, respeately. The excitation source was an infrared laser ith
wavelength of 1152 nm. The measurements are simudal in air. The inset is an enlargement of the

reflectivity curve of the 100 nm thick film. The paameters used for the Winspall simulations can beound
in Table 4.6.1.

Table 4.6.1: Parameters used in Winspall (version.20) simulations to model the surface plasmon event
on pure, dense gold surface. The resulting refleefty curves are depictured in an angular dependencyjn
Figure 3. P- polarized light and a right-angle LaSIN 9 prism were presumed.

Layer Thickness/[A] | & g Thickness/[A] | & g
1LaSFN9| O 3.31487| O 0 3.31487 O

2 gold 470 -61.2413| 4.0716 § 1000 -61.2413| 4.0716
3 air 0 1.00053| O 0 1.00058 O
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A systematic study of the appearance of p-SPR oG N&bstrates was completed
using a white source (halogen) with a monochromeit@elect wavelengths AA = 10 nm
intervals in the range of 450 nm to 850 nm. Themlan matching condition was reached at
certain excitation wavelengths and incident anfffegure 4.6.4). The longer the wavelength,
the sharper the surface plasmon resonance respodsthe smaller the resonance angle as
described above. Measuring the same spot on the $ilb&rate showed that the coupling
efficiency also increased with increasing excitatiovavelength. The different coupling
efficiencies seen in Figure 4.6.2 A were thoughbéodue to NPG sample inhomogeneities,
such as diverse thicknesses or differences inoited old morphology.

With increasing pore size it becomes harder to mtte plasmon coupling condition.
The 2 days dealloyed NPG has a 2D porous gold ,laykere the pores reach trough the
entire film. At the same time the 2 day etched damapsorbs ~ 2 times more light than the
2 volt etched NPG membrane.

In a series of experiments the influence of différeized Au colloids on the surface
plasmon resonance response of a colloidal Au nextlifiu film was studied by L.A. Lyoat
al**. Plasmon angle, minimum reflectance and curve diheavere manipulated by the
deposition of 30 — 59 nm diameter colloidal Au twe surface of a 47 nm thick Au layer.
With larger particle size the p-SPR curve becamedl®her and broader due to damping
(imaginary component of colloid Au) and localizenupling. A similar effect was observed

using NPG substrates that were etched for longeegiand contained larger gold islands.
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Figure 4.6.4: SPR excitation on 100 nm thick NPG $strates of different pore sizes; left column: SEM
images of the NPG substrates under investigation; igidle column: 2D plot of the different excitation
wavelengths vs. incident angle. The colors indicatiéhe intensity of the reflected light, while the cosses
mark the intensity minima. Additionally the dispersion relation for a flat/dense gold film is shown pbtted
as a solid line. The measurements were performed iair using a right-angle BK7 glass prism; right
column: view of the data in a plot of reflectivityvs. angle of incidence.

The relation between the energy of a system andoitsesponding momentum, here
1/A vs. Theta, is known as the dispersion relatione Thosses in Figure 4.6.4 mark the
measured intensity minima for the NPG. Instead adfowing the dispersion relation of
evaporated gold, the NPG show an “S shaped” feafurelarger pore sizes it becomes more
and more linear. These minima are thought to betallecalized plasmon resonances, which

occur at a fixed excitation wavelength.

60



Chapter 4. Nanoporous gold (NPG) membrane

4.6.1 Multilayer architecture built on NPG and flat gold substrates

Firstly, some simple experiments that typify theapd I-SPR responses of NPG (15 minute
etched) will be described. The NPG with a relagnahort dealloying time and consequently
small pores was chosen in order to have optimatlitions for p-SPR. Even though the
electrochemically etched NPG substrates providdlen@ores and a better coupling, they are
more brittle and less easy to work with. The agllibty of using p-SPR in NPG for detecting
bio-recognition events is demonstrated in Figuré.54.() by the extensively-studied
interfacial biotin-streptavidin binding system. NR@s first functionalized by a biotinylated
self-assembled monolayer (SAM) containing abou#4lBiotin functional grougs. Then, a
streptavidin monolayer was formed via the strongfibistreptavidin interactions (strongest
non covalent interaction known: Ka ~li®/|'l)46. Finally, a biotinylated antibody (IgG) was

bound to the streptavidin layer.
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Figure 4.6.5: () p-SPR A=1152 nm) measurements of streptavidin/biotinylatedgG bindings on biotin
SAM modified (A) 100 nm thick NPG membrane and (B)50 nm evaporated gold film surface,
respectively. For both figures, curve (1) is for SM modified sample, curve (2) for after streptavidin

binding, and curve (3) for after biotinylated IgG hinding (published”’, Yu et al. 2006)
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In the resulting SPR reflectivity curves, signifitashifts of the resonance angle were
monitored upon the formation of each biologicalelayThe same experiment was performed
on an evaporated gold film (~ 50 nm in thickness)domparison. The average pore size of
the 15 min etched NPG sample (as determined byitp and cross section SEM) and the
molecular sizes of streptavidin and IgG are comgar& 15 nm compared to ~5 nm and
~ 12 nm, respectively); in fact, the sizes are dheth only a limited amount of streptavidin
(60 kDa; streptavidin dimensi&h- 4.5x 4.5x 5.2 nnf) should penetrate into the NPG, and it
is unlikely that any 1gG (150 kDa) penetrates ithhe pores at all, instead binding should
occur only on the top surface of the NPG sample.

The optical fits confirm this hypothesis: assumihgt to first approximation the NPG
(with and without adsorbates) can be modeled anath metal/dielectric film, Fresnel fits
were applied in order to correlate the SPR angshafts to the optical thickness of the
biological layers (refractive indices are all assdnto be 1.45). On the NPG samples (cf. Fig.
4.6.5 (1)(A)), the thickness of the streptavidirddgG layers were found to be Z%.1 A and
40+ 1.4 A, whereas on flat gold samples (cf. Fig. 3.6)(B)) (Table 4.6.2 and 4.6.3), the
thickness of streptavidin and 1gG became 34067 A and 4% 1.7 A. The apparent thicker
streptavidin layer on NPG compared to the flat danguggests some bindingto the
nanopores of the NPG whereas the similar 1gG ldlyigknesses in the two cases suggest
binding onto the NPG surface exterior to the pores only. Itae® questionable whether the
Fresnel equation is perfectly suitable to modeldtieptavidin binding if this binding might
happen inside the NPG layer; i.e., there might bengerpenetration between the virtual
“streptavidin layer” and the “NPG layer”. In ordeo answer this question, rigorous
calibration experiments need to be performed usidgpendent instruments, such as FT-IR
or QCM.

In order to visualize the surface coverage withnegay electron microscopy an
additional layer of polystyrene latex beads dopeth wtreptavidin (SA-LX) [Chapter 3.8,
Materials] was deposited on top of the architecfafeFigure 4.6.5 (ll)). First NPG and flat
gold samples were investigated by SPR in air; thaffer was introduced into the flow cell
and SPR scans were taken after each layer wasitbgp(fSgure 4.6.6).
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¢ Polystyrene latex bead doped
with streptavidin (SA-Lx,*#56 nm,

RI=1.56@1152 nm) @
« Biotinylated 1gG \ﬁ /4
(IlgG-bio) 150 kDa
« Streptavidin (SA) 60 kDa&28

? « Biotin/spacer thiol SAM (SA
* Nanoporous gold 100 nm (NPGlO(F

Figure 4.6.5: (II) Multi-layer formation on NPG — a model system: A schematic representation on which
the measurements are based is shown above. One suag electron micrograph (A) shows the porous
structure covered by the latex beads from the perpelicular view. The second SEM image (B) views the

polystyrene latex bead coverage for the evaporategbld film.
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In buffer a huge minimum shift was observed follogvithe polystyrene latex bead
binding. Subsequent to drying the samples, attexdutdtal reflection scans were recorded
once more; and finally, SEM images of the samplesewnade. So measurements in air were
only done for the bare gold surface, the thiolatedace and after the polystyrene latex bead
(SA-LX) binding at the end of the experiment (Fig4r.6.7).

Flat gold surface Nanoporous gold
(~50 nm EG) VS (100 nm leaf)
sharp resonances broadened resonances

90

Reflectivity/%

1 I m (1) biotin SAM
20 H ‘ B (2) biotin SAM/ SA

] i @ (3) biotin SAM/ SA/ bio- IgG
104 i B (4) biotin SAM/ SA/ bio- IgG/ SA-Lx
= Fresnel fits
0 T T T T T T T T T 1
45 50 55 60 65 70
Angle / degrees

Figure 4.6.6: p-SPR X=1152 nm) measurements in buffer condition monitorig of streptavidin/
biotinylated IgG bindings on biotin SAM modified 100 nm thick NPG membrane and 50 nm evaporated
gold film surface, respectively [= Figure 4]. Additonally polystyrene latex bead were deposited on poof
the supramolecular architecture. For both substrats, curve (1) is for SAM modified sample, curve (2pr
after streptavidin binding, curve (3) for after biotinylated IgG binding; and finally curve (4) represents
the latex bead binding.

Due to the partial coverage of the latex beadsthedarge latex particle size -112 nm
in diameter - a heterogeneous film was createdtl@partially polystyrene latex bead (SA-
LX) uncovered area the attenuated total reflectanimum in air appeared at an angle of
27,9°; for the SA-LX dense covered area at an anfjlg2.8°. The value for the combined
thickness increase after streptavidin and biotiegddgG binding (10.2 nm sample 1; 11.6 nm
sample 2, Table 4.6.3) resulted from the Fresnealffthefirst minimum after the latex bead
binding was measured in air (Figure 4.6.7).

64



Chapter 4. Nanoporous gold (NPG) membrane
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Figure 4.6.7: p-SPR X=1152 nm) measurements on NPG sample in air. Scanree (1) resulted for the
bare gold surface, curve (2) the thiolated surfacand after the polystyrene latex bead binding curvé3) is
derived. The solid lines stem from the Fresnel simation. Remarkably after latex bead binding, the cave
featured two minima in the attenuated total reflecion scan. The first minimum was characteristic forthe
streptavidin/biotinylated IgG binding, while the second minimum was indicating the optical thickness b
the polystyrene latex beads. The two minima weretfed separately by applying Fresnel equation. Curve
(4) recorded another spot of the NPG with denselygetked SA-LX area.

Fresnel curve fitting. For each SPR scan a simulation was run with thevaodé
Winspall (version 2.20) based on the Fresnel eqoatto calculate the optical thickness of

each layer deposited. The refractive indices ohtla¢erials are summarized in Table 4.6.2.

Table 4.6.2: Refractive indices at wavelength of 52 nm IR laser and a temperature of 25,00°C.

material n K g g
LaSFN 9 prisit’ | 1.82068 0 3.31487566 0
gold™® 0.26 7.83 -61.2413 4.0716
nano porous gold0.3186 3.5 -12.42 2.23
mixed thiol 15 0 2.25 0
streptavidin 1.45 0 2.1025 0

lgG 1.45 0 2.1025 0

latex beads 1.56 0 2.4336 0
air’ 1.000263 0 1.000526 0
water/buffer’  |1.32359 0 1.75189 0

65




Chapter 4. Nanoporous gold (NPG) membrane

In order to obtain the SA-LX volume ratio valuesséd on the SPR scans and the
Fresnelcalculations, the polystyrene latex bead thickngas fixed at 112.0 nm for each
sample and the refractive index was the variablerpater (average Thus, the volume
fraction of polystyrene beads (x) was calculatethhe following equation, where n was the

refractive index:

naverage: Nyater (1_X)+rbs' X -—-— 47

In order to obtain the volume ratio values basedhenSEM images, the total volume
of the polystyrene latex beads doped with stregtav{SA-LX) was calculated by equation
4.8, where N was the number of the counted beddks.tdtal film thickness was given by
equation 4.9, where A was the area of the SEM intmges pixel properties. The radius of

the beads was about 56 nm. Finally, the volume ratiias obtained by equation 4.10.

Vtotal spheres (4/3)7”3"\] ---4.8
Viotal fim= A-2r --4.9
Vspheres fractiorr Vtotal sphere/svtotal film ---4.,10

Figure 4.6.8 (A): Sketch of the polystyrene latex éads deposited on the NPG substrate to calculateeth
total volume of the spheres and the total volume & homogeneous film.
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Figure 4.6.8 (B): Two authentic scanning electron mrographs at different magnifications show the
surface coverage of the latex beads on 15 min etch®lPG. On the left side it is demonstrated how the
beads were counted to calculate the total volume (},) of the beads. Inside the white frame 345 beads
were counted, labelled with randomly chosen color® avoid counting them twice.

The polystyrene latex beads coverage was foune &7k 1 % for the NPG and the
evaporated gold film (50 nm) calculated using SP& S8EM. Table 4.6.3 summarizes the
thicknesses of all the different layers in the mayer system for two NPG substrates

compared to a flat/dense gold sample.

Table 4.6.3: p-SPR on NPG (2 substrates shown) arftht gold was demonstrated by a multilayer
assembling system involving 112 nm streptavidin dgul latex beads. The p-SPR signals were converted
via Fresnel fits into the corresponding thicknessepim]. The optical thickness found for the latex bads
correlated well with the bead density calculated fom scanning electron microscope (SEM) images.

NPG1 NPGL1 in SEM NPG2 NPG2 in SEM Flat Au in SEM
in air solution | (NPG1) in air solution (NPG2) | solution (flat)
SAM (A) 17.4 - - 17 - - 13 -
SA (R) 73 - 67 - 34 -
IgG-bio
102 41 - 116 39 - 40 -
&)
SA-LX
volume 27 28 29 20 18 21 26.8 26.9
ratio (%)

The sequential build-up of this functional supraecolar architecture showed that the

diffusion of molecules to the NPG interior was hened if the pore size was comparable to

the molecular dimensions; this “molecular sievefeeff was used to for realizing of size-

selective adsorption.
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4.6.2 Environmental refractive index changes to NP@&lycerol test)

In order to examine the sensitivity of I-SPR on NR&Genvironmental refractive index
changes, the refractive index (RI) of the dielectrolume was adjusted within the pores of
the NPG by filling them with aqueous solutions dyogrol, and then examine the |-SPR
response via changes in the visible light absanpspectrum. Representative reflection
absorption spectra are shown in Figure 4.6.9, ciateusing the fiber-optic spectrometer. It is
seen that, even with 5 % glycerol, correspondinty da an ~ 0.5 % change in RI, an
absorbance peak centered\at 590 - 600 nm was detected. As the glycerol cotnagon/
medium RI was increased, this peak became moreoprmed. Overall, a linear increase in
the peak absorbance value and a slight red-shith@fpeak wavelength was seen (Figure
4.6.10). This observation agrees with those of D&hkt al., who examined I-SPR in gold

films decorated with nanometric holes made by addiblithography.

DO 0.08- - ]
s 1 % | D/ .
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8 1 < 000 D/D/ ]
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) . ‘ \
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Figure 4.6.9: Evolution of the relative reflectionabsorbance spectrum of a 100 nm thick, 15 min etcte
NPG membrane (the reference sample is: NPG in puneater) immersed in solutions of increasing glycerol
concentration: (1) pure water, RI=1.333, (2) 5 % R+1.339, (3) 15 % RI=1.352, (4) 35 % RI=1.378, (5)
60 % RI=1.413; the RI of the glycerol solutions arecalculated by the mass fraction of glycerol in war.
The inset shows a linear relationship between theygerol concentration and the intensity of absorbaoce

peak atA = 600 nm(published"’, Yu et al. 2006).
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X

Figure 4.6.10: Explanation of the absorbance resudt The four solid lines represent Gaussian curvesat
were simply shifted to higher x-values. The three altted lines resulted if the Gaussian curves were
subtracted from the first Gaussian curve, respectigly.

The increase in intensity with only a slight redftstor all the absorbance curves measured in
reflection mode can be explained mathematicallyeréfore, a plot was generated by the
software Igor Pro (version 5.02) that representssSian curves (Figure 4.6.10). These curves
were simply shifted to higher x-values. Then, theves were subtracted from the first
Gaussian curve, respectively. The dotted lines ltaastuof the subtraction, simulate the
measured absorbance spectra. But the left partheodotted lines were not seen in the
measured absorbance spectra due to the noise laihtipespectrum. The NPG samples soaked
in water/aqueous buffer solution served as referamc comply with the yellow solid line.

Further refractive index studies on different saspivere carried out using the same
optical setup. The refractive index change was exymantally compared for a series of the
NPG substrates possessing different pore sizes évaporated flat gold film. After injecting
various glycerol concentrations the flat/dense gbidwed only a limited absorbance at small
excitation wavelength (~ 400 — 550 nm) near thes@oange of the white lamp serving as the
excitation source (Figure 4.6.11 (A)). This absodemwas also seen even more pronounced
in all the other samples of the experimental sqffiégure 4.6.11 (B - D)), which still lack a
satisfying explanation. Additionally, for all theRG& samples flushed with a 5 % glycerol
solution that permeates into the pores an effeciiage in the absorbance spectrum (~ 530 —
800 nm) was derived. Exposure to higher glyceooicentrations caused an obvious increase
in the peak intensity and a slight red shift of pe@k positionXpeax shift), which is additional

evidence for the excitation of I-SPR.
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Figure 4.6.11: Exposure of different gold substrate to increasing glycerol concentrations: The resp@e of
a flat evaporated gold film (A), a 10 minutes deatlyed NPG (B), an one hour dealloyed NPG (C) and a
24 hours dealloyed NPG membrane (D), respectivelyas monitored by the optical fiber spectrometer.
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The peak wavelength was slightly higher for NPG 24k 630 nm) than for NPG

10 min A =597 nm) due to the larger nano-sized featuredIRG 24 h. With pore size

increase of the NPG membranes a general red dhifteogpeak positionApeax shift) (Figure

4.6.12) in the absorbance spectra for all the gblamncentrations was observed.
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Figure 4.6.12: Evolution of the relative reflectionabsorbance spectrum of different samples exposed &
60 % glycerol concentration: (1) flat/dense gold fm, (2) 10 min and (3) 24 hours dealloyed NPG
membrane soaked in 60 % glycerol solution.
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4.6.3 Layer by layer (LbL) deposition of charged dedrimers

Simultaneous p-SPR and I-SPR was used to monieostipwise variation of the dielectric
environment within the pores of NPG (15 min etcha@gated by using a layer-by-layer (LbL)
system based on charged dendrimers (cationitNI& Et,Cl")g¢] and anionic [G(CH-COO
Na)q])** (see Figure 4.6.13 and 4.6.14). This LbL systers paticularly interesting for the
NPG experiments because it has been shbthat the layer build-up is highly uniform and
regular with excellent penetration leading to geoderage even of the inner walls of deep
nanopores. Here, NPG leafs bonded to LaSFN9 slidese first functionalized by
3-mercaptopropionic acid (MPA thiol) to generateematively charged surface on which the
first cationic layer adsorbs. The consecutive ri@pat of anionic/cationic dendrimer
deposition should lead to the stepwise formatiom @hultilayer coating inside the pores of
NPG until the pores get clogged; at this point, nindtilayer should continue growing only
outside the NPG membrane extending the overakmieiss of the film.

(NP o@c NN-P <o@c NN ,F,><OOC NN P<o@c NN FoOCC >Z>2>2>2

6

e e ®
N o@c N- N P o@H X F< a- Nm P<OOC*N1I\\/J| 2 N\/l\cNaHEtzD>
C %2/,

6

Figure 4.6.13: Molecular structures of the chargeddendrimers used in this study: (Up) G(CH-COO-
Na")gs (Down) G4NH'Et,Cl)gs These N,N disubstituted hydrazine phosphorus - otaining dendrimers
of the 4th generation comprise 96 functional groupst the surfacé® °* ¢ The molecular masses are
M=33.702gmol™ for G4* and M=34.819gmol™* for G4

Optically, the multilayer dendrimer evolution wascampanied by a very regular shift
of the resonance angle of the p-SPR excitatiorshasvn in Figure 4.6.15 (A). Fresnel’'s
equations were again used to fit the p-SPR cuiier establishing the first p-SPR fit, the
geometrical thickness of dendrimer layers was detexd from the shift of the resonance
angle by assuming a refractive index of 1.5 for deadrimer The thickness increment per
deposited double layer was calculated to be 2.2winich is unexpectedly identical to the
value of 2.2+ 0.3 nm obtained by a previous study of the sanmelii|mer multilayer system
deposited on flat, dense, gold sample§aking into account the enhanced surface area of
NPG (shown by the streptavidin binding result),sthesult indicates a slightly smaller
dendrimer coverage per layer on the NPG surfacegshmmay suggest that electrostatically
driven binding can be biased inside nanopores.
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Figure 4.6.14: Picture of the dendrimer molecule GNH"Et,Cl)qsShowing all the 96 functional groups.

On the other hand, it was observed that the SPRmuaim reflectivity for NPG
slightly increased (Figure 4.6.15 (A)) as the nhayger grew in thickness whereas it remained
constant for flat/dense gold. This observation sstgythe penetration of the initial dendrimer
layers into the NPG in such a way that the effectlielectric constants of the NPG/dendrimer
membrane was altered, becoming lossier to theantiight. As mentioned before, this might

cause a deviation in the Fresnel modeling and nieetter consideration.
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Figure 4.6.15: Simultaneous monitoring of p-SPR and-SPR on NPG (15 min dealloyed) during the
formation of dendrimer multilayers: (A) SPR raw data; (B) original absorbance spectra taken at the saen
time as the SPR scans. (C) Kinetic measurement reded at A = 570 nm andA = 700 nm. The SPR
minimum reflectivity increased during the dendrimer deposition and constantly shifted to higher angles
while the absorbance spectra showed a peak intensincrease atA = 600 nm.

(D) T T T T T T T T T T T T T T T T T T T
@ -0.10
O 59+
> -0.08
°
) (]
5 -0.06 O
s 8
E 58- -0.04 2
2 i)
g <
= -0.02
£
o
&= -0.00

57 T T T T T T T T T T T T T T T T T T T

0 2 4 6 8 10 12 14 16 18
Layer number
Figure 4.6.15 (D): Simultaneous monitoring of p-SPRand I-SPR on NPG (15 min dealloyed) during the
formation of dendrimer multilayers. The solid lines represent the trend of the signal as the layers gw.

The first layer is a self-assembled monolayer (setext for details). The reference sample for I-SPR
measurement is the SAM modified NPG in pure waterpublished”’, Yu et al. 2006).
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The SEM micrographs (Figure 4.6.16) of dendrimeteposited NPG support the p-
SPR results by showing that the dendrimer layessvdyy simply following the profile of the
NPG surface. Even after the deposition of 16 demeirilayers (nominally filling the pores),
the nanosized features of NPG are still pronountedhis case, the thickness variation
between dendrimer layers was expected to be reglteat constant, with the result that if the

pores do clog, the p-SPR signal will not changany dramatic way.

Figure 4.6.16: SEM images of a nanoporous gold memdne - 15 min etched (A) after (and (B) before LbL
deposition of 8 double layers of dendrimers. Whitarrows in (A) indicate pores on the geometric extéor

surface that were obviously clogged by dendrimer @blished"’, Yu et al. 2006)

Although the p-SPR minimum shifted linearly withethncreasing number of
dendrimer layers, the I-SPR signal weakened andtealty saturated after ~ 8 double layers.
By this number of layers, dendrimers are no lordggositingin the pores, but are clogging

them so that further layers are only deposiadop of the geometric surface of the NPG
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membrane. This is consistent with the scanningtrlecmicroscope (SEM) observations
shown in Figure 4.6.16 where one sees that at ~uBlddayers deposited, the pores directly
opening to the interface are filled with dendrimestsereas those indirectly connected pores
appear empty. Saturation at ~ 8 double layers (~Myis in excellent agreement with the
geometric constraint associated with a ~ 15 nm pae

The smooth saturation of the I-SPR excitation idaustandable by noting that the
evanescent electric field of the I-SPR mode deapyskly moving away from the metal-
dielectric interface and an I-SPR response (hbeeincreasing of absorbance peak intensity at
A =600 nm (Figure 15B)) should be only observed mitendrimer layers are being
deposited within this field. Thus, if the pores alegged and the surface multilayer is thicker
than evanescent electric field, the I-SPR respsheeald remain unchanged, as observed.

A similar distance dependency has been reportetasy Duyne’s groufd % who
monitored the I-SPR spectrum evolution while defprogimultiple self-assembled monolayers
or Al,O3 monolayers on triangular silver nanoparticles (NFBy solving Maxwell's
equations for light interacting with an arbitratyape/composition NP using a finite element
calculation, they showed that the 1/e decay lengtbf the electrical field near the NP is
around 5-15nm (1 -3 % of the light's wavelengtbpending on NP’s shape, size and
composition). This contrasts dramatically with 2@ — 300 nm decay length (20 — 25 % of
the light's wavelength) of the evanescent fieldagb-SPR excitation, and indicates a much
sharper distance-dependence of I-SPR sensors.alihe tack of a ‘regular’ nanostructure in
NPG, we can not perform a similar calculation aad only provide qualitative descriptions.
An exponential fit of the I-SPR curve yields a de&engthly =12.3 nm, which falls into the
theoretical range. But the |-SPR field distributisnextremely heterogeneous and usually is
the strongest at sharp turns or corners. Theretbogging of the nanopores may reduce the
sensitivity of I-SPR to the dendrimer layer, hastgrthe saturation of the I-SPR signal, and

leading to an underestimation of the valué,of
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4.6.4 Layer by layer (LbL) deposition of avidin andantiavidin

A different LbL assembly systethwas employed here to alter the interfacial refvacindex

in a fast pace. The use of biotinylated anti-avidi®@ and avidin (Figure 4.6.17; Chapter 3.8)
formed a mutual recognition system and greatly sobd the thickness of each double layer
(~ 9.3 nm with the assumed refractive index of 1.4%y)s fast-growing LbL system has been
studied extensively in our group by Pfland Christensén

Avidin and biotinylated antibody LbL system

avidin, M\w 66kba —>

biotinylated antiavidin antibody—
Mw 160kDa

avidin, Mw 66kDa

Figure 4.6.17: A schematic representation of the Yeer-by-layer assembly of multilayer films composeaf
avidin and biotinylated antiavidin antibody on NPG substrate.

A gold (nanoporous or evaporated) film was firshdtionalized by a biotinylated
SAM containing ~ 10 % functional biotin groups. Thawidin/ biotinylated anti-avidin IgG
solution (both JuM in PBS buffer with 0.01 % (w/t) Tween-30were alternated in the flow
cell, leading to the stepwise formation of an awidanti-avidin multilayer. The use of
biotinylated anti-avidin 1gG significantly enhancttge recognition probability to avidin and
accelerates the layer thickness increase.

Phosphate buffered saline (PBS) with 0.01 % (wig&n-26 was used as solvent for
all the sample solutions. For each layer-formirgpghe binding was monitored kinetically
and terminated by a PBS buffer rinse when equilibrivas reached.

In comparison to the LBL system, which involved ogitely charged dendrimers with
molecular weight of ~ 35 kDa, the current system lkadolecular size that can cause
dramatically different binding pattern on NPG subists with different pore sizes. As shown

in the SEM pictures (cf. Figure 4.6.18), the pnotiElyers on NPG 5 min had a distinctive
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divide line to the NPG film, meaning the proteingrev mostly bindingonto the NPG.
Whereas in the NPG 24 h image, it was hard towakre the protein layer started which

clearly indicated a “binding-into” mechanism.

Protein layers

Figure 4.6.18: SEM images of a nanoporous gold memdne - 5 min etched NPG (A) after LbL deposition
of 18 double layers of avidin/biotinylated anti-avilin. The proteins were binding mostlyonto the NPG.
24 h etched NPG (B) after deposition of 11 doublayers of avidin/biotinylated anti-avidin, which were
binding into the NPG pores.

The SEM observation was confirmed by the I-SPR ltgesiror clarity, only the
deposition of up to 3.5 double layers is shown Kefjure 4.6.19). On the EG surface, there
was a growing peak between 430 — 600 nm. This tuimé to be a typical reflection
interference phenomenon caused by the depositéettiie layer, as manifested by the later
periodical oscillation in reflectivity as the protelayer grew Similar interference patterns
were observed on NPG 5 min (Figure 4.6.20). Thengegly larger modulation in the NPG
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curves was simply due to the fact that the reflgtil,« for bare NPG was smaller than for
bare EG. In NPG 24 h curves, not only the simitaerference pattern was seen, but also a
distinctive peak at 625 nm, exactly matching itsakpanduced by glycerol irrigation
(4.6.11 D). In contrast, the curves of NPG 5 mimpgle were free of any peak at the
characteristic wavelength — 590 nm. This obsermatvas in agreement with the SEM image
that only proteins bindingnto the nano-pores could modify the dielectric envirentmand
thus altered the I-SPR signal. The fast saturatiothe I-SPR signal was also in agreement
with the fact that the I-SPR had very short evaeetsdecay (~ 10 - 20 nm).
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Figure 4.6.19: Evolution of the relative reflectionabsorbance spectra of different samples after 3farotein
double layer depositing process: (A) flat/dense glfilm (EG evaporated gold), (B) 5 min and (C) 24 burs
dealloyed NPG membrane. The gold (evaporated or naporous) film was first functionalized by a
biotinylated self assembled monolayer containing 40 % functional biotin groups. Then, an avidin laye
was formed followed by a biotinylated antiavidin aibody layer. Subsequently 7 layers were deposited,
alternately avidin and antibody.
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Channel B 700 n

0.14 Channel C 800 n

0.12]
010 .
008] -
0.06/
0.04 * -
0.02].:"
0.00/]
0.02] (1)

Channel A 570 nE

Uy P,
L]

Absorbance/ A.U.

3)

o 5 10 15 20

0.20
-1

0.18 (1)

0.1

D: | ‘M\‘\‘\‘lw‘w}‘
< 014 "" il
@ 012 I bh
2 L
g 0.10 ‘ ‘
S oos iy ‘
o) Iy
< 004 ' ’ ; M
0.02 !
0.00 w ”N i
-0.02: ‘ ‘\I\ \Hh : : : : . . . .
400 500 600 700 800 1000 900 1000
Wavelength/ nm Wavelength/ nm
0.18
-} 0.16
< 0.14
D
8 0.12
[} 0.10
Xe] 0.08
2
2 0.06
< 0.04

0.02

oooff ‘

-0.02 : :
'900 1000 400 500 600 700 800 900

Wavelength/ nm Wavelength/ nm

Figure 4.6.20: Evolution of the relative reflectionabsorbance spectra of 5 min etched NPG sample aft&8
protein double layer depositing process. The NPG vedirst functionalized by a biotinylated self asseivled
monolayer containing ~10 % functional biotin groups Then, an avidin layer was formed followed by a
biotinylated antiavidin antibody layer. Subsequenty 36 layers were deposited, alternately avidin and
antibody. In the kinetic measurement, the change inabsorbance was recorded for three selected
wavelength (570 nm, 700 nm and 800nm). For claritythe complete double layer depositing process is
shown separately in four graphs for all the measum wavelength: (1) first 3.5 double layer (2) next 5
double layer (3) following 6 double layer (4) 3 ddbie layer deposition.
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The interference pattern observed for the 5 mihetdNPG might be described as the
interference of the light waves that were refleatéfdhe protein covered surface and the gold
surface, respectively (Figure 4.6.21):

interference

Figure 4.6.21: Scheme of the interference of ligltdue to the protein layers.

The difference in the optical route of the lighhdze calculated as:

Ax=2[d [ --4.11

while the optical interference was expressed in:

=1, +Ilsin(2;ﬂx +¢0] 412

0
An assumption was made,
Ad =d;m ---4.13

where m was the number of bilayers angdwdas the thickness of a single bilayer. The
refractive index of n = 1.45 for the proteins isséad on an assumption as well. Finally,

equation 4.14 resulted:

I = IO+Ilsin(i—”E2m EIIBm+¢0] ---4.14

0

The periodical oscillation in the measured refl@ttiwas fitted by using the following sine

function:

f (x)=a+b+cBin({ h-e) ---4.15
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Some variables were chosen, so that the sine metas able to follow the slight
drift of the measurement and a proper fit resuls veahieved. Variable a represents the
vertical offset; variable b stands for variatioms the gradient; variable c is altering the

amplitude and variable e corresponds to the phiaife Again m is the number of bilayers.

The fit provided a result for the ter :‘;—mdB for each wavelength. Figure 4.6.22 shows
0

the fit results.

(/\) 0.12—

0.10—
0.08—
0.06—
0.04—

0.02—

Absorbance/ A.L

0.00—

5 10 15
number of bilayers

(B)  oo6

0.05—

0.04—

Absorbance/ A.L

I I I
5 10 15
number of bilayers

(C) 0.05—
0.04—

0.03—

Absorbance/ A.L

0.02—

I I I
5 10 15
number of bilayers

Figure 4.6.22: A sine function was employed to fithe periodical oscillations in the measured refledtity

curves after the protein layer deposition on the 3nin etched NPG (confer Figure 4.6.20). The fits wer
generated by using the software Igor Pro (version.B82). Reflectivity curves of (A) 570 nm, (B) 700 nrand

(C) 800 nm were fitted.
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The correlation of the obtained thicknesses foradgin bilayer and the corresponding
excitation wavelengths is shown in plot 4.6.23.ideéar fit trough zero was conducted with
the software Origin (version 7.5).

The error {f) of the ratioj—0 in the plot was calculated as follows:
B
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Figure 4.6.23: Correlation of the calculated thickmsses versus the three excitation wavelengths. The
refractive index of the proteins was assumed to be= 1.45.

The calculated values for the thicknesses of ayéiléd) are summarized in Table 4.6.4 as

well. The error in the thickness of a protein bday\ds) was computed with the following

equation:
Ad, = o A - 4.17
® 4m '

Table 4.6.4: The thickness of the bilayer () was calculated for all three excitation wavelengs.

A ds
570 nm 16.7+ 0.1 nm
700 nm 17.2+ 0.4 nm
800 nm 14.4+ 0.9 nm
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It was possible to determine the thickness of ttaemn bilayer (g) composed of
avidin and biotinylated antiavidin antibody (IgGy the analysis of the interference pattern.
But the resulting thicknesses of 14.4 - 16.7 nmbl@a4.6.4) are much higher than the
expected 9.3 nm, that were found for a flat dendistsate measured by Jing tiuThe size
of avidin is 5.6x 5.0x 4.0 nnf° and the size of the biotinylated antiavidin antip¢lgG) is
around 15< 15x 3 nnf?, so that the maximum thickness of a densely pabKagler could be
~ 20 nm (Figure 4.6.24). The biotinylated antianidintibody (IgG) is able to bind several
avidins, so that on the rough NPG surface seemimgige material was immobilized than on

an evaporated gold film.

15 nm

S—cl

Figure 4.6.24: The Y-shaped IgG antibody will appraimately seize the volume of a lense-shaped sphetoi
with a diameter of 15 nm and a thickness of 3 nfh On the right side: Profiles of the IgG packings b a
surface illustrating the density ratio of 5 to 1 béween molecules densest packed in upright position
(above) and in lying position (below). A packing desity, that is experimentally achieved, is presumdi in
between the two extremes.
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4.7 Application of NPG
The Protein-Tethered Lipid Bilayer established on @&Nanoporous Gold Substrate

No living cell can exist without a membrane. Thenmbeane consists of a lipid bilayer with
proteins incorporated. Membrane proteins play apomant role in the metabolism of each
cell. The study of membrane proteins has long beerhallenge because of the lack of
experimentally addressable biomimetic systemsherncorporation of membrane proteins.

Various model systems of the biological membranestmeen investigated, e.g., black
lipid membranes (BLMs). They provide easy accedsatih sides of the membrane but lack
mechanical stabili}?. To solve the problem of instability, solid-suptsat lipid membranes
were developed. Different types of supported membranes were ihteed with the inner
leaflet of the bilayer either covalently or elestiaically bound to a solid substrate. To
provide a biologically relevant model system of tipgd bilayer, it was separated from the
substrate by ultrathin water layers (~ 10 A) or adt siydrated polymer film (polymer
cushion§*. The so called tethered lipid bilayer (tBLM) s&gy developed during the last
decade was an important step towards mimickinghéteral plasma membrane. This strategy
offers a flexible and stable lipid bilayer. Tetmgyimolecules of various structures can be
applied. A novel concept developed recefitfused the membrane protein itself to act as a
tethering molecule.

The submembrane space provided by these modehsysterelatively small, e.g. the
tBLM system presented reservoirs of 20 - 60 A Iaffgdependent on the hydrophilic part of
the tethering molecules. Attempts have been madectease the submembrane space and
consequently the ionic reservoir to offer enoughcspto allow for the incorporation of
membrane proteins with larger hydrophilic domaifkis can be achieved by a different
design of spacer molecules (branched thiol, lomting®) or by the use of a porous solid
support®2

Here, the concept of the protein tethered lipicay®k membrane (ptBLM) for the
oriented immobilization of cytochrome c oxidase arsolid support was transferred to a
nanoporous support. The aim was to use the voluside the pores of the nanoporous gold
(NPG) and the submembrane space together to mimimside (cytosol) of a living cell. The
arrangement on the NPG allows for the simultaneapplication of surface plasmon
resonance (SPR) and electrochemical impedancerspeapy (EIS) measurements. The SPR
and EIS measurements obtained from a five minuédlaj@d NPG substrate were directly

compared to the data taken from an ultraflat teted&ripped gold (TSG) surfaCe
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The membrane work was conducted with the NPG satlesteaturing the smallest
pore size reached by chemically dealloying methN&#G 5 min etched). By scanning
electron microscopy (SEM) and autocorrelation fiowct(ACF) a pore size distribution
around 12 nm was found for the five minute etch&GNcf. Chapter 4.3 and 4.4]. This pore
size is still too large compared to the size ofghatein (6% 9 nm cross section). NPG with
the smallest pores (~7 - 8 nm) were obtained legtelchemically dealloying at 2 volts,
followed by 1.2 volt NPG (~ 9 nm) [cf. Chapter 4434]. But these samples were too brittle
to be used for SPR or EIS measurements in solution.

Figure 4.7.1 illustrates the modification of thenth etched nanoporous gold substrate.
To modify the NPG substrate, it is first providedthwa self assembled monolayer of
dithiodipropionic acid (DTP) (A) and dithiobigN{succinimidyl propionate) (DTSP) (B)
(mole fraction 0.6; viz 60 % DTSP). DTP was choserdilute the DTSP molecules. The
disulfides DTP and DTSP anchored to the gold vialdke linkages to form thiopropionic
acid and thio il-succinimidyl propionate) (TP and TSP). TSP wasdhfer coupled with
compound (C), an amino-nitrilo-triacetic acid (AN)JAforming a NTA functionalized
surface (E). Ni" addition enabled chelating of NTA with two histidis of the histidine-tag of
the protein (F). In that way, recombinantly expegshis-tagged cytochrome c oxidase (from
Rhodobacter sphaeroides with the His-tag fusetiddC-terminus of subunit 1) was anchored
on the nitrilo-triacetic acid (NTA) modified NPG réace (Figure 4.7.2). For further

experimental detaif8 see Chapter 3.8, Materials.

© 0 ® R NH

%o
) \ \ () (D)
OH Ho U 0 o OH HN OH e
o o o o o o) o) o
DTP DTSP TP TP
— — SH Hs HS

Figure 4.7.1: lllustration of the coupling reactionleading to the chelating surface architectur® °®
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Figure 4.7.2: Schematic representation of the surt@-bound cytochrome c oxidase via the affinity ofhie
His-tag to the Ni-NTA modified nanoporous gold surce.

In order to preserve the conformation of the cytoote c oxidase, a 1 % solution of
detergentn-Dodecyl$-D-maltoside (DDM) was used for the immobilizatioinally, the
substitution of the detergent by a lipid (1,2-ditanoylsn-glycero-3-phosphocholine
(DiPhyPC)) formed a membrane around the proteigufféi 4.7.3).

AV B T .
T e
o

In-situ

dialysis

Figure 4.7.3: Schematic illustration of the in-situdialysis: substitution of the detergent by the lijd.
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4.7.1 Characterization of the layer formation by SR and EIS

Surface plasmon resonance spectroscopy scans egeneled in PBS/DDM buffer before and
after cytochrome c oxidase binding; and after ergkaof the detergent DDM by the lipid.
Therefore, a p-polarized IR lasex € 1152 nm) was used to excite a plasmon on NPG
dealloyed for 5 minutes.

The binding of the His-tagged cytochrome c oxidiasis detergent solubilized form
to the NTA modified NPG surface resulted in a digant shift of the minimum of the SPR
curve (~ 0.35°) (Figure 4.7.4). Assuming a refraetindex of ~ 1.45¢( ~ 2.1) for the
cytochrome c oxidase, the shift in the minimum elatted to a thickness of ~ 6 nm (winspall
simulation, version 2.20). The reconstitution af tipid bilayer (1,2-diphytanoyn-glycero-
3-phosphocholine (DiPhyPC)) resulted in a slightimum shift (~ 0.047°) corresponding to
a thickness of ~ 0.5 nng’(~ 2.1).

—=— Scan in DDM solution
— v — Scan in DDM solution after CcO binding
Scan after reconstitution of a lipid bilayer
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Figure 4.7.4: Surface plasmon resonance spectrosgopcans on NPG (dealloyed for 5 minutes). The inset
zooms in the minimum angles.

Electrochemical impedance spectroscopy was measimagltaneously with surface
plasmon spectroscopy. Data were fitted to the edemt circuit R(RC,,)CPE, where Rwas
the solution resistance;Rhe resistance of the lipid membrang; tBe capacitance of the
lipid membrane. A constant phase element (CPE)aliasen to model the complexity of the

submembrane space (Figure 4.7.5).
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Figure 4.7.5: lllustration of the electrochemical mpedance spectroscopy measurements observing thgidi
bilayer reconstitution. (A) Nyquist admittance plots and (B) Bode impedance diagrams of the TSG
(upper) and the NPG (lower) samples measured afte€cO binding and after membrane reconstitution,
respectively. (C) Equivalent circuit to model the gstem. (D) lllustration of the system. Table 4.7.1
summarizes the fitting results using the describedlectrical circuit.

Table 4.7.1: Summary of the fit results obtained foTSG and NPG, respectively.

Sample Capacitance Capacitance Resistance Resistance
CcO reconstituted CcO reconstituted
[UF/ cm?2] [UF/ cm?] [M Q*cm?] [M Q*cm?2]

Template 13.1£ 3.9 7.3£0.5 0.3+ 0.08 12+ 7

stripped Au

~ 50 nm (TSG)

5 min etched 792+ 82 335t 9 0.021+ 0.005 0.042: 0.0015

NPG
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Substitution of the detergent by the lipid led toedfective decrease of the capacitance
(C) and an increase of the resistancg)(Rarameter obtained of the fit procedure arergive
in Table 4.7.1 for both substrates, 5 min etche@MRd TSG, respectively.

The capacitance of the protein layer was very |dogehe NPG 792 82 [uF/cni]
compared to the TSG 13#13.9 [uF/cn], which is, however, not only accounted for by the
high surface area. The capacitance of a homogertBelestric layer can be calculated using
the equation for the parallel plate condenser:

ngﬁogg‘ ---4.18
where » Cis the capacitance,

¢ is the permittivity of the insulator used @rfor vacuum),

* A s the surface area of the electrode,

d is the thickness of a homogeneous layer.

Accordingly, a 5 nm thick proteifilayer of€prorein= 30 formed on TSG is expected to yield
C = 6 pF/cri. The higher value of C = 13 pF/&found experimentally is explained in terms
of water” (e.aer= 81) and detergent molecules interspersed betiveeproteins. If they are
replaced by lipids gpiq = 2) the capacitance decreased approximately appiog the
theoretical value of the homogeneous protein 1&/er6 pF/cri. Other effects are expected
from the surface-confinement geometry of the NP®&Gtructure. The pores are large as
compared to the protein molecules. Hence the cytmel ¢ oxidase will bind not only to the
outer surface of the NPG but also to surfaces énthé pores (Fig. 4.7.5 D). Consequently a
closed layer of CcO molecules cannot be formedhenNPG, contrary to TSG were the
roughness is small (Root mean squafem)> compared to the size of the CcO.

For this extremely heterogeneous CcO layer on N&Garger amount of water
molecules and detergent should be present betvheeproteins. Watét with an gyater = 81
increased the capacitance according to equatid@ Exen if some of the detergent and water
molecules were replaced by lipids during dialys#s evidenced by the decrease of
capacitance, the reconstitution will never resuliiclosed bilayer spanning the pores, due to
the marked inhomogeneity of the protein layer. Arelation of the electrical properties
between nanoporous gold and template strippedigalerefore hard to achieve.

However, first indications of a membrane can bensem the decrease of the
capacitance and the slight increase of resistah6e0d2+ 0.0015 [MQ-cn¥] which is small
compared to the TSG 127 [MQ-cn¥].
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4.7.2 Activation of the Cytochrome C Oxidase

In order to probe the functionality of the cytocm® c oxidase, cytochrome ¢ was injected
after the reconstitution of the membrane. By addieduced cytochrome ¢ (Cyt c; from
bovine heart; Sigma) as the substrate of the cytoel ¢ oxidase a decrease in the resistance
(Rm) was monitored due to the turnover of the enzyih increasing Cyt ¢ concentration
the resistance (R decreased continuously until saturation was readffrigure 4.7.6). The
mechanism of Cyt c oxidatiéh by cytochrome c oxidase is well studiédThe overall

reaction is (cf. Figure 4.7.6):

4 Fé*(-cytochrome c) + 8 K, + O, — 4 F€*(-cytochrome c) + 2 bD + 4 H oy ---4.19

The effect of Cyt ¢ addition seemed to be reveesibécause after rinsing with pure buffer the

initially high resistance was regained (data nowgt).
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Figure 4.7.6: lllustration of the cytochrome c effet: (A) sketch of the surface architecture; (B) stacture of
the cytochrome &% (C) EIS spectra (Bode plots) were recorded afteevery addition of Cyt c; (D)
decreasing resistance plotted versus the Cyt ¢ camtration.
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As a conclusion from the results so far, the CcQ efficiently immobilized on the

NPG. The pore size was not optimal, so that theepr@~ 9x 6 x 9 nmY° seemed to bind not
only to the top layer of the NPG comprising 12 noregpdiameter, but also to some lower
regions so that the membrane was not really suspemdross the pores (Figure 4.7.7
(middle)). However, the effective decrease of thpacitance (&) and the slight increase of
the resistance (f was a strong indication that a membrane was fdraneund the protein.

optimiZ&@&Narf®Borous GOIA(NPG

Figure 4.7.7: Demonstration of the membrane suspeiu on different substrates.
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Porous substrates with a defined aspect ratioo(tztween depth and width of the
pores) using a smaller pore width and larger depigght be suitable (Figure 4.7.7 (lower)).
Another option would be stamping of the DTSP to tbp layer of the NPG via a
polydimethyl siloxane (PDMS) stamp, instead of inmnsireg the whole substrate into the thiol
solution. In this case the Cyt ¢ oxidase would lble & bind only to the exposed pinnacles of

the NPG, thus a smooth membrane could be suspewdesk the pores.

4.8 Conclusion

First of all, NPG provided a significantly enhancaatface-to-volume ratio which was
shown by cyclic voltammetry and electrical impedameseasurements. The electrochemical
studies indicated a nearly one order-of-magnitutgleaecement of the surface area of NPG
compared to an evaporated gold film, which was sfisdance to achieve better reaction
efficiency and detection sensitivity.

Secondly, porous materials, as well as NPG, argganeral particularly useful as
separation media for their size-selectivity in c¢hetographical isolation, adsorption and
catalysis, etc. The nano-sized porous structurengly affects the sequential build-up of
functional supramolecular architectures on sulesr#ghat is inherent in the sensing process
itself The diffusion of molecules to the NPG interiwas hindered when pore size was
comparable with the molecular dimension; this “ncalar sieve” effect was used to for
realizing size-selective adsorption. This means dlbeessible surface area of the NPG
substrate changed drastically with the analyte. Sizace the amount of streptavidin/avidin
binding was found on NPG compared to a flat dermdée film; and no access for molecules
larger than the average pore size such as bioted/llyG and polystyrene latex beads was
seen. The charged dendrimer molecules showed siouigerage of NPG as they did on the
evaporated gold. Taking into account the enhancethee area of NPG (shown by the
streptavidin binding result), this result indicastightly smaller dendrimer coverage per layer
on the NPG surface, which may suggest that eldgatically driven binding can be biased

inside nanopores (Figure 4.8.1).
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m CV method, chemically etched

Surface area enhancement
relative to EG/ Thickness corrected
N

3. m o EIS method, chemically etched
] o CV method, electrochemically etched
2] v o EIS method, electrochemically etched
| e v streptavidin and avidin
L et e dendrimers, 19G and latex beads
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1* typical length scalél/ nm

Figure 4.8.1: Surface area enhancement of the diffently etched NPG substrates relative to an evapotad
gold film. The dotted lines are guides for the eyef the beholder: the “base line” for a flat/dense gld film

is shown in black; the trend for the enhancement oélectrochemically etched NPG samples is marked in
blue and the trend for the chemically etched NPG dastrates is shown in red [confer Figure 4.5.7].

Thirdly, NPG uniquely offered propagating (p-SPR)dalocalized (I-SPR) surface
plasmon resonance modes that could be used to prtaréacial refractive index variations
on different length scales. The p-SPR possessdiDa 200 nm decay length (20 - 25 % of
the light's wavelength) of the evanescent fieldeveas an exponential fit of the I-SPR curve
for the 5 min etched NPG yielded a decay lengthowly Id = 12.3 nm. But the field
enhancement of the I-SPR was strongly dependetiieosize and shape of the pores; and the
excitation wavelength. Species that wamb the pores of NPG and modified their dielectric
atmosphere, were detectable by absorption measotenoé I-SPR excitations, whereas
species that adsorbemto the geometric surface of the pores of a film ofGQ\®ere less
influential to I-SPR but equally detectable by pRSiheasurements (Figure 4.8.2). The
surface plasmon resonance signals were therefoeetlgi linked to the accessibility of NPG
pores which can be tuned by the dealloying comliiad time. The combination of p-SPR
and |I-SPR monitoring provided size-selectivity ilo-becognition reactions using the NPG.
The streptavidin-doped bead binding experiment detmated the utility of NPG for
guantitative p-SPR measurement. Layer by layenesugvealed the different binding modes
of large biomolecules (e.g. avidin and 1gG) to NRBssessing different pore sizes, where the
hypothesis was confirmed by both I-SPR and SEM masen.

Finally, for supported membrane applications, fgberiments on NPG were promising.
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All these results will help to further understahe tharacter of NPG as a novel plasmonic

substrate for wider applications.

Glycerol test

The glycerol really comes into the
nano-pores to modify the dielectric
atmosphere

Layer-by-layer
using charged dendrimers

The dendrimers come into the pores
too, due to their small size
(Mw. 34kDa, 35kDa respectively)

interference

Layer-by-layer
using avidin/anti-avidin

The proteins only partially come into the pore fi

the very first several layers, then stay out siden
optical interference layer

(Mw. 65kDa for avidin, 150kDa for anti-avidin)

Layer-by-layer interference
using avidin/anti-avidin
on 24 hour-etched NPG

The pores are big enough for accommodatin
proteins, but the modification of I-SPR
by the protein is still inefficient.

Figure 4.8.2: Summary of layer by layer experiments
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5. Gold/Silica Composite Inverse Opals

5.1 Advantage of gold/silica composite inverse ot new plasmonic material and the

aim of the study

Nanostructured metal materials strongly attracteel interest of scientists, as mentioned
above [Chapter 4, NPG], and various surface pattgmmethods are known, such as chemical
patterning, laser patternirfy etc. In chapter 4 random nanoporous gold sulestratere
investigated, whereas here, 3D macroporous, wedihet® gold coated structures from
colloidal crystal templates were examined.

Using self-assembled colloidal crystals (synthepals) as templates, highly ordered
interconnected macroporous films (so-called “ineevpals”§ were created. These structures
exhibit special features and are of interest fdalgats, bioreactors, photonic and phononic
band gap materials &t

Inverse opals from a variety of materials, suchnastals, inorganic oxides, or
polymers, have been created by utilizing colloidaystal templates. With traditional
patterning procedures, for instance photolithogyahhsoft lithography* and holographic
patterning®, it is difficult, or even impossible to fabricasech kind of ordered 3D array with
highly structural quality. However, colloidal crgéself-assembly is an easy, inexpensive and
efficient mass production methtSd'’. Recent work has been done on the preparation and
characterization of binary colloidal cryst&ré® In this study, multilayered colloidal crystal
substrates fabricated by vertical lifting depositieere used.

The aim of this section is to further explore eksdled plasmonic techniques on silica
inverse opals with bio- or chemical sensing appilices in mind. For this special application
gold nanoparticles were deposited onto the siliwarise opal wall and electroless plating was
used to prepare so called gold/silica composite rgeveopals [Chapter 5.2]. Gold
nanoparticles alone feature interesting physicaperties, such as localized surface plasmon
resonances (I-SPR)??giving rise to, e.g., surface enhanced Ramanesiait(SERSY. But
here, inverse opals were used as a substrate t@dldsnanoparticles in order to investigate
the optical features that may be created as a ecatdyy result of both the ordered
macropores and the I-SPR from the nano metallitgies.

The substantially enhanced available surface dréfaeahree dimensional gold/silica
composite inverse opals is an additional advantagards biosensing applications.
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5.2 Fabrication of gold/silica composite inverse @is

BK7 glass substrates were cleaned by piranha sal(it0, : H,SO, = 30 : 70, v/v. Caution:
piranha solution reacts violently with organic caapds) and subsequently washed with
copious amounts of Milli Q water (ultrapure watbtili-Q system from Millipore GmbH,
Eschborn, Germany).

Monodisperse polystyrene latex particles (d =6261&nm) were prepared by
emulsion polymerisatidii and were purified by several cycles of centrifimatand re-
dispersion in Milli Q water. The particle size wagsasured by dynamic light scattering with a
Zeta Sizer 3000 HS (Malvern Instrument Lfdand confirmed by SEM [Chapter 2.4]. Silica
nanoparticles (d = 10 nm) were provided by EKA Cluoats.

The formation of a binary colloidal crystal muliier film was obtained from the
colloidal suspension of the mixture of polystyrearal silica particles by using the so-called
vertical liting deposition methd8 A concentration of 0.01 w/v polystyrene was uged
order to form a high quality crystal.

The cleaned glass slides were lifted out of théomal suspension by a home made
dipping devise (Figure 5.2.1). The optimized liftigeed was 0.2 urtsHence, the large
crystal-forming polystyrene latex particles (thersecial template) and the replica-forming

silica nanoparticles (the matrix material fillindnet interstitial space) were deposited

I motor

simultaneously.

Substrate

| colloid suspensio

Figure 5.2.1: A) Schematic and B) photographic pictre of the dip coating setup
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By vertical lifting, preparation of colloidal crysdt multilayers with high order and
large dimensions, practically over several squardimetres, was achieved within 15 hours.
This technique relies on the particle transport degosition at the growing crystal front
(confer Figure 5.2.2), which is induced by the ldjdliow from the suspension bulk to the
drying crystal layer (besides capillary forces fa fiquid-air interfacé) . The common
lattice geometry generally formed by vertical hffi deposition is the close-packed face-
centered cubic lattice (fcc) with the (111) planeafial to the substrate interface. Large
clusters of the silica nanoparticles were embedd#din the interstitial space of the fcc

lattice between the large polystyrene particleqiout disrupting the crystal order.

Figure 5.2.2: Schematic representation of the pamtle transfer and crystallization mechanism during
vertical lifting deposition, which is largely driven by the liquid and particle flux from the suspenson bulk
to the porous crystal layer, where the liquid is eaporating. The black arrows show the lifting directon
and the cyan arrows demonstrate the water evaporain. In the background an original SEM of a binary
colloid crystal sample from a mixed suspension ofatge (626 nm) polystyrene colloids and silica
nanoparticles (10 nm) is shown.

The formed composite films consisting of polystyemicrospheres and silica
nanoparticles were used to fabricate inverse opwalannealing the film at 450°C in air in
order to remove the polystyrene template and sithiersilica nanoparticle matrix. The top
view of the resulting macroporous film is shownHFigure 5.2.3) with the void diameter of
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620 £ 11 nm being comparable to the diameter oteéhglating PS microspheres (d = 626 *
16 nm), which indicates a negligible shrinkage wgrthe pyrolysis. The inset with higher
magnification revealed that each air sphere is ottedewith its neighbours by round holes
resulting from the contact points of the templagpadystyrene particles. The image in Figure
5.2.3 at lower magnification together with the ingke fast Fourier transformation (FFT) of
this image, shows that the domain of the perfegstats film with pronounced hexagonal
lattice geometry between cracks can be as largeewasral hundred microns. Due to the
sintering process at 450°C the fabricated film ischanically robust and thermally stable,
which renders it strong enough for further proaggsuch as washing with water, blowing
with nitrogen, and further wet-chemical surface rfiodtion.
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Figure 5.2.3: Scanning electron micrographs show #htop view of inverse opals obtained by calcinatioof
the film with optimal parameters. The scale bar ofthe left image is 500 nm and of the right image is
10 um. The left inset is taken at a very high magfication. The right inset with the fast Fourier
transformation (FFT) demonstrates the hexagonal laice geometry.

Next, the silica inverse opal wall was functionatizwith a positively charged silane,
NR; (N-trimethoxysilylpropyl- N, N, N- trimethylammouam chloride¥® (Figure 5.2.4)
[Chapter 3.7 silanization procedure]. In the ndepsnegatively charged gold nanoparticles
(d =20 nm) were deposited from suspension ontopibstively charged, silane modified

silica inverse opal wall as shown in the SEM imagmure 5.2.5 A, which reveals the

individual gold particles adsorbed on the silicaeirse opal wall through the electrostatic
attraction via anchored cationldR; groups. The spacing between the gold nanopartisles

caused by interparticle Coulomb repulsifnsDuring the following electroless plating,
adsorbed gold nanoparticles behaved as catalystsestds, with At from solution being

reduced by hydroxylamine-hydrochlorfderesulting in an increment in diameter of the
existing gold nanoparticles. The plating time waste 10 minutes, so that a thin granular
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gold film was formed along the silica inverse opalaffold with the openings of the

composite inverse opal being preserved as showreiS8EM image, Figure 5.2.5 B.
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Inverse silica opal wall Inverse silica opal wall
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Figure 5.2.4: Scheme of the fabrication of gold/stla composite inverse opals starting from a sintecksilica
nanoparticle matrix.

Figure 5.2.5: (A) SEM image of gold nanoparticles ith a diameter of 20 nm deposited on walls of sil&
inverse opals. (B) Gold/silica composite inverse apobtained after electroless plating. The scale bsare
1lum, respectively.

Fracture SEM images revealed that the whole threemkional structure of the silica
nanoparticle matrix was covered by gold particlds)js a complete gold coverage was
achieved by subsequent electroless plating. Theshbht resulted from the contact points of
the templating polystyrene particles guaranteeattwessibility of the greatly enhanced gold

covered surface area for the bio-molecules to aftovgensing applications.
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5.3 Surface plasmon resonance features of gold/edi composite inverse opals

In order to examine the plasmonic response of gitilth composite inverse opals to the
changes of the surrounding refractive index, vesilight reflection absorption spectra were
measured while tuning the refractive index (RI)tloé dielectric medium within the inverse
opals by immersing the composite films in waterighpl mixture of different composition;
the same procedure as described for the invesiigabf localized plasmons on nanoporous
gold (NPG) samples [Chapter 4.6.2]. Representatieiection absorption spectra of
gold/silica composite inverse opals are shown gufé 5.3.1.

Relative changes in surface reflectivity again wezeorded using the fiber-optic
spectrometer [Chapter 3.1]. The reflectivity wasaswred perpendicular to the (111) plane of
the gold/silica composite inverse opals. An ‘appasbsorbance’ was obtained by calculating
log (I(n)/1(no)) with n and g being the refractive index of the surrounding mediand pure

water respectively.
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Figure 5.3.1: Evolution of the apparent absorbancespectra of a gold/silica composite inverse opal
immersed in solutions of increasing glycerol concération: (1) pure water, RI=1.333, (2) 10 % RI=1.34,
(3) 20 % RI=1.359, (4) 30 % RI=1.372, (5) 60 % RI=410; (6) 87 % RI=1.445; the RI of the glycerol
solutions are calculated by the mass fraction of gterol in water.
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As a prominent feature in Figure 5.3.1, an incraasthe apparent absorbance was
seen around = 730 nm and a corresponding decrease araun890 nm. This represents a
clear signal due to refractive index changes whghmeasured by standard laboratory
equipment in a straightforward fashion. This sp@cteature is due to an extinction peak
around: = 790 nm which is shifting to longer wavelengthhnincreasing n.

The increase of the peak intensity was explaindthpfer 4.6.2] in the context of the
nanoporous gold substrates and holds for the dladd/somposite inverse opals as well. But
in the case of the gold/silica composite inversalgpa much sharper peak of the apparent
absorbance and a much more distinct shift in thek geosition was observed due to the
regularity of the sample. The corresponding deeredsthe apparent absorbance, that was
predicted from the calculations [Chapter 4.6.2} ams not seen in the absorbance spectra of
the NPG substrates due to the broadened peakdsaitad from the randomly distributed
pores. Here it was confirmed by the optic measungsnen the gold/silica composite inverse
opals. The peak intensity of the gold/silica conif@osverse opals was higher compared to
the intensities obtained for the NPG samples.

All these observations are consistent and thus wgukinable by the properties of the
substrates, random structured NPG and highly oddgodd/silica composite inverse opals,

respectively.

5.4 Conclusion and Outlook

In conclusion, binary colloidal crystals with adkiness of several ten layers were directly co-
crystallized across a uniform area of several sgjeantimeters within 15 hours by vertical
lifting deposition from suspension of binary cotlal mixture. The lattice type of the formed
crystals was the close-packed face-centered catiicd (fcc) with the (111) plane parallel to
the substrate interface. Typical structural defelke point defects (e.g. vacancies), line
defects (e.g. dislocations), planar defects (@¢agkeng faults), and cracks, usually present in
colloidal crystals formed by vertical depositidrt* were also found in this material. But in
this study, the defect density was significanthydueed at the appropriate preparation
conditions. This might be due to variations of tbeaporation kinetics and capillary
condensation effects in the mesoporous structumndd by the hydrophilic silica
nanoparticles between the polystyrene colloidimrast to other colloidal materials.

By calcination of the high quality inverse opalglldwing silanization, gold

deposition and electroless plating an opticallyeriesting sample substrate was fabricated.
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This hierarchical composite porous material showaedistinct response to the changes of
refractive index of the surrounding medium, whiclaynmoffer a significant potential for a
bio-/chemo-sensing platform.

Compared to the nanoporous gold (NPG) substrasesisBed in the previous chapter
[Chapter 4], the gold/silica composite inverse spsthowed a much sharper peak of the
apparent absorbance and a much more distinctisttiie peak position due to the regularity
of the sample. Actually, a much higher optical sigmas obtained than in the case of the
NPG that promised sensitive detection.

Both substrates possess an enhanced surface anpared to a flat, dense gold film.
But the accessibility for biomolecules is expectede quite different. The NPG substrates
have limitations due to the average pore size otirmdt 7 - 28 nm, while the gold/silica
composite inverse opals offer sufficient large poup to ~ 100 nm to allow for unhindered
protein diffusion. In future, this material may bged to probe bio-recognition reactions.

Some future work may include further sample devalept, such as tuning of the pore

size and entire sample thickness by variation optiigstyrene or silica particle size as well.
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6. Epitope mapping to identify the centrin sequenceteracting to

transducin

6.1 Processes of optical signaling

The third part of this thesis focuses on the prdpeotein interaction of the calcium binding
protein centrin [Chapter 6.3] with the heterotrime6G-protein transducin [Chapter 6.2].
While the centrins are ubiquitously expressed ikaeyotic cells, the expression of the
transducin alpha subunit (@ is restricted to photoreceptor cells. In the eanhtof the
photoreceptor cell, the anatomy of the human eyetlaadiisual signal transduction cascade
are described briefly.

An eye is a specialized organ of vision that dst@ttotons. Light enters through the
pupil, and is focused by the cornea and the lens the retina (Figure 6.1.1). The ciliary
muscle allows for exact focusing by changing theoshghickness and curvature) of the lens.
The suspensory ligaments support the lens and coiin® the ciliary muscle. The sclera
(“white of the eye”), a tough and fibrous outerdaycovers and protects the whole eye except

for the cornea. The cornea is protected by theurmtiva, a membrane that is kept moist by

the tear glands.

Suspensory ligament

Ciliary muscle

Optic nerve

Figure 6.1.1: A photograph of a human eye (left). @iematic presentation of a human eyeright).

The retina and the optic nerve originate as outttewf the developing braifl. The
reting is a network of nerve cells containing two typéglwotosensitive cells, rods and cones
that are important for vision. Rod cells are higklnsitive to dim light and black/white
detection. In contrast, cones need higher liglgnsities to respond and detect color. Directly
behind the lens is the localization of the fovearfan) that consists of mostly densely-packed
cone cells. The pigmented iris decides the colathefeye (Figure 6.1.1 (left)) and protects
the photoreceptors in the retina from being damaggdtoo high light intensities.
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Furthermore, light shines through all layers of mo@al retinal cells before hitting the light
sensitive photoreceptor cells. Hence, the vertelmge is also called inverse eye.

The structure of a rodent's retina is comparabléhéostructure of a human retina. In
contrast to the human retina, the retina of rodengljusted to the nocturnal behavior of the
animal. Therefore, the mouse retina possesses vea fand consists of ~ 97,2 % rods and
only ~ 2,8 % cones that are distributed homogergalisover the retin&”.

Vertebrate photoreceptor cells (PRC) offer morpbmlal and functional structuring in
several compartments (Figure 6.1.2). The nucleasranged next to the basal end with the
synaptic connection. Energy producing and protgimhesizing components are located in
the inner segment (IS), while the light absorbingchinery is concentrated in the outer
segment (OS). All proteins synthesized in the insegment but required for the outer
segment have to pass through a narrow non-motileemtimg cilium (CC) as an intracellular

linkage between inner and outer segment.

6.1.1. The vertebrate visual signal transductiatade

The visual signal transduction pathway in rodshis tnechanism by which the energy of an
incoming photon results in an electrical hyperpaktion of the photoreceptor cell (PRC).
This hyperpolarization leads to the transmittancea ofeuronal signal that reaches the brain
via the optic nerve.

An incoming photon reaches the disc membranes @ dbter segment of the
photoreceptor cell and is absorbed by the 7-trandmane-receptor rhodopsin (RHO; a G-
protein-coupled-receptor). Rhodopsin consists ofm@sprotein that is reversibly covalently
bound to the chromophor 11-cis-retthah derivative of vitamin A. The absorption of the
photon causes an isomerization of the 11-cis-retmdahe more energetic trans-form. The
resulting change in conformation of the rhodopdeads to the binding of the G-protein
transducin (Figure 6.1.2). Each photo activatedlopsin (RHO?*) triggers activation of about
100 transduciris'® That is the first amplification step.

Opsin is phosphorylated byodopsin kinase (GRK¥) Then arrestitf, that binds
specifically to phosphorylated active G-protein gled receptors, arrests or reduces signaling

by inhibiting transducin binding to rhodopsin ifiest protecting manner.
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Figure 6.1.2: Schematic drawing of a rod photorecdpr cell. Due to the inverse eye geometry, the ligh
shines through multi neuronal layers before illumirating the outer segment (OS) of the photoreceptorets
(PRC). The PRC consists of a light sensitive outesegment (OS) that is linked via hon-motile connectg
cilium (CC) to the inner segment (IS). The signalransduction is taking place in the membrane discsfahe
outer segment (zoomed in). After the absorption ofight and the activation of rhodopsin (RHO*) the
inactive heterotrimeric G-protein transducin (G +GDP and Gpy [Chapter 6.2; Figure 6.2.1]) can be
bound. The Gpy dissociates from the G subunit and the activated Ga +GTP affects second messenger
molecules in the following steps' **

Otherwise, the activation of transducin causesitwhange of guanosine diphosphate
(GDP) to guanosine triphosphate (GTP) that is bdorttie alpha subunit (&), respectively,
and results in an activated alpha subunitjGlissociating from beta-gamma subunit{@
[Chapter 6.2]. Each alpha subunit @5 then activates the enzyme cyclic guanosine
monophosphate (cGMP)-specific phosphodiesteras&)PEhosphodiesterase then catalyzes
the hydrolysis of about 1000 cGMP (cyclic guanos3i& -monophosphate) molecules to
5°"GMP. That is the second amplification step.

If the intracellular concentration of cGMP is reddc cGMP dependent N&&" ion
channels in the photoreceptor membrane &lo& As a result, Naand C&" ions can no

longer enter the cell, and the photoreceptor aglehpolarizet’. The hyperpolarization of the
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photoreceptor cell slows the release of the neametnitter glutamate at its postsynaptic
terminal to the bipolar cefté The glutamate affects the bipolar cells (ON- &teF-bipolar
cells) differently, depending upon the type of rgoe imbedded in that cell’'s membrafié’
One population of bipolar cells is excited by ligitd the other population is inhibited by it.
The optic nerve is composed of retinal gangliont aebns and support cells and passes the

signals to the visual cortex.

6.1.2. Light and dark adaptation

Light and dark adaptation in human vision desctibe remarkable ability of the visual
system to automatically adjust its sensitivity te amount of incoming photons. During dim
light conditions, vertebrates need rod photorecspfor vision. The phenomenon of dark
adaptation in the rod cell is compfeand still not fully understood. Here, the lightdatiark
adaptation at the subcellular level will be diseass

Products of light absorption from the photoreceptmter segment have to be
removed, the released retinoid to be recycledstonginal isomeric form as 11-cis retinal, the
visual pigment rhodopsin to be regener&teeitc. Light induced exchanges of signal cascade
components between the outer and inner segment ebserved about one decade &G0
and are currently of interést®

The localization of transducin in the vertebratetpheceptor cell is regulated by light
(Figure 6.1.3). In the dark, transducin is concaett in the outer segments of rod
photoreceptor cells, while light adapted rod cedlsow a high concentration of the
translocated transducin in the inner segfféfit >’>3 About 80 % of transducin (& and
Gi{By) move in minutes from the outer to the inner segmend the cell body of rod
photoreceptor céfl. Ga was more mobile than& with a half-time of translocation that is
~ 3-fold shorter (5 min for @ versus 12.5 min for §)*°. A time course of hours was found

for the repopulation of Gsubunits in the outer segméht
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Figure 6.1.3: Immunolocalization of transducin (Ga) and all centrin isoforms in mouse retinas (pan-ae
monoclonal antibody (clone 20H5) detects all foursbforms)** * Indirect anti-transducin (red) and anti-
centrin (green) immunofluorescence in light adaptednouse retina (left) and dark adapted mouse retina
(right). Significant translocation of the G, between the inner and outer segment (IS/OS) throingthe
narrow connecting cilium (CC) contributes to the Ight-dark adaptation of photoreceptor cells. ONL isthe
outer nuclear layer. Bar, 10 um. Schematic represeations of the adapted rod photoreceptor cells are
beside the real immunofluorescence pictures. Red loo indicates the transducin contribution and green
color the centrin localization. For clarity, the directions of transducin movement are also illustraté
(outside margin).

The light dependent translocation of proteins so&nown in the case of arrestin that
is involved in the signal transduction cascade a&d.vwBut the translocation of arrestin
happens in the opposite direction to transdcfft 3 Light induced translocation processes
of proteins have to occur through or along the eating cilium (CC) that is the only
intracellular linkage between the inner and outegnsent and allows for bidirectional
exchang®. Different mechanism for the translocation of déeeproteins via elements of the
cytoskeleton, such as actin filaments and microegydre discuss&e’®

The two proteins, rhodopsin kind8eand arrestitf, inactivate metarhodopsin, the
active state of rhodopsin, in a fast manner togmtoigainst to high light intensities (see
above). The phenomenon of translocation of tranieda@a much slower process, but reduces
the sensitivity to light without changing the kiiwet answet?. Therefore, the
translocation-function of transducin and arrestimymbe described as “molecular

sunglasse$® 4
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During translocalization process centrins are pakninteraction partners of
transducifi®. Centrin 1, 2, 3 and 4 [Chapter 6.3] are companefitthe cytoskeleton of the
connecting ciliurfi* *> Double immunofluorescence analyses with antitodietecting
transducin and centrin showed clearly colocalizatid the two proteins in the connecting
cilium. Actually, electro microscopic immunolocaizon of the proteins and quantification of
the labeled areas revealed that centrin and tramsdue indeed colocalized at the inner
surface of the microtubule rify* in the same subcellular compartment of the coimgct
cilium (Figure 6.1.3).

Light modulated changes of the free calcium ionshim outer segment (OS) of the
photoreceptor cells are known as Welf®*® If these changes in the €aoncentration are
transmitted into the connecting cilium, Cadependent assembly of centrin-transducin

complexes can take place.

6.1.3. Barrier hypothesis - relevance of centripiGtein complex

Since any intracellular exchange between the aggment (OS) and the inner segment (IS)
should occur through the connecting cilium (&Chhis represents an appropriate domain for
regulation process&s

The high affinities of centrin 1 and 2 to the bgeanma subunit of transducin and the
localization in the connecting cilium suggest ttie centrins are relevant candidates for this
Cd&" dependent protein-protein interactfanCentrins may regulate transducin movement
through the connecting cilium in a €alependent manr&r® ** *YFigure 6.1.4).

An increase of the intracellular €aconcentration in the photoreceptor cell should
activate the centrins due to the binding of calcions. This activation is thought to induce a
binding of centrin molecules or centrin oligomerdransducin that is transported through the
connecting cilium. It is shown for centrin 1 thailp two C&" ions are needed to form a
complex together with transduéin Due to the Cd dependent interaction, the passage of

transducin should be decelerated or rather stofgsedgh C&" concentrations (Figure 6.1.4).
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Figure 6.1.4: Schematic illustration of the barrier hypothesis. C&" triggered assembly of centrin-
transducin complexes in the connecting cilium of wéebrate photoreceptor cells is thought to regulate
transducin movement$® 3* 3% (A) Under low Ca&* concentrations centrin is phosphorylated and not
activated, so that transducin can float through the connecting cilium. Casein kinase 2 (CK2)
phosphorylats centrin. (B) High C&* concentrations cause the centrins to be dephosphdated and
activated by C&”*, which induces also the centrin-transducin complexassembly. The centrin-transducin

complexes can be composed of eitherl®lo or Gy subunits.

It is not yet fully understood, if the heterotrintetransducin is transported through the
connecting cilium or the subunits of transducin m®eeparately through the connecting
cilium. Serial tangential sections through then@tshow that the translocation ofoGs three
times faster than the translocation of3{zfrom the outer to the inner segm@niChapter
6.1.2]. This result indicates a separate tranépdfiowever, a knockout & mouse did not
show redistribution to the inner segment gfyzalone, which is a hint for the heterotrimeric

2 If this is true, only completed not yet activat&apy is

transducin moveme
transported back to the inner segment or the heit@eric Gaffy has to be formed before

passing the connecting cilidrh
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The accumulation of @By in the connecting cilium of light adapted retinsisggests a
light-induced assembly of centrin-G-protein complex It can be concluded that the
interaction between centrins and transducin incthrenecting cilium is responsible for light
dependent translocation of transducin. Changesh& €&* concentration of the rod
photoreceptor cells that are needed for interadtiave been well characteriZ&dUsually,
after light activation of the visual transductioascade a dramatic decrease in calcium ion
concentration in the outer segment is observed.uBder light saturated conditions indeed a
calcium ion increase in the outer segment is f8Utiaat can be the Gasource for assembly
of centrin-G-protein complexes. To ensure tranglona of transducin a low CGa
concentration in the connecting cilium is requirtih details about the fluctuation of €a
concentration in the connecting cilium are knownfan The assembly of centrin and
transducin could build a Eainduced barrier for transducin moveméhts

The centrin-G-protein complex is expected to diigecif the C&" concentration drops, so
that transducin can float through the connectitigraf? 2% 2730 32,33, 38

To understand related diseases on the moleculal; ieve important to locate and annotate

the processes involved in the light perceptiorheretina.
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6.2 Characteristics of Transducin

Transducin (@ is a heterotrimeric guanine nucleotide bindingtgin (G-protein). The alpha
subunit of transducin is naturally only expressed/ertebrate retina photoreceptor cells. In
each cell type, rods and cones, a different traziadyene is expressed.

In general, G-proteins are a family of proteins iwed in various second messenger
cascades. Their signaling mechanism is based orexblkeange of guanosine diphosphate
(GDP) for guanosine triphosphate (GTPJ* Basically, two different classes of G proteins
are known, thesmall and thelarge G-proteins. Thesmall G-proteins are monomeric. The
large G-proteins are membrane-associated and made alplad (), beta ) and gammay]
subunits. These G-proteins are activated by G-prateupled receptors, that are integral
membraneproteins®. G-protein coupled receptors represent the largestof receptors in
the mammalian genome. These receptors are invatvéte sensations of light, smell, and
taste and other regulatory processes.

Transducin consists of a catalytic alpha subunit &d an inhibitory gy — dimer
that play a role in the signal amplification in trisual cascadé >* (Figure 6.2.1). Transducin
is a mediator between the light sensitive sevenstreembrane receptor rhodopsin and
phosphodiesterase *® The GTP-activated alpha subunit of transducinrblyses cyclic
GMP to 5°GMP resulting in a closure of the ion-ahals in the plasma membrane™

Closing of these ion-channels leads to a hypergealgon of the photoreceptor cell

®— 0
o e

Figure 6.2.1: The heterotrimeric transducin (alphabeta-gamma subunits) is activated by a
conformational change in rhodopsin due to the adsgtion of a photon [cf. Chapter 6.1.1]. This activaibn
causes the exchange of GDP to GTP that is bound tbe alpha subunit, respectively, and results in
activated alpha subunit dissociating from beta-gamma subunit.

membrane.

Generally, the alpha subunits contain two domdhes GTPase domain and the alpha-
helical domain. Roughly 20 different types of alghdbunits are discovered. For instange G
activates adenylate cyclase,ithibits adenylat cyclase;fscouples to olfactory receptors. A
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recently discovered family of G proteinsg,Gtimulates phospholipase C. Transducip) (G
however couples to rhodopsin.

The g andy subunits are tightly bound together and are refeas thébeta-gamma
complex. The @y complex is released from thenGubunit after the exchange of guanosine
diphosphate (GDP) for guanosine triphosphate (&THyee By complexes can activate
other second messengers or gate ion channels. Bable summarizes the characteristics of
the three subunits of transducin extracted fronbtiane retina.

Table 6.2.1: Characteristics of the three subunit®of transducin extracted from the bovine retina (bos
taurus). Omiga software was used to calculate thealues for the different protein subunits (Omiga:
Programmes ,Omiga 2.0“; company: Oxford Molekular Ltd.)

Protein Molecular Length Isoelectric |Charge at pH 7.0
weight, MW point, pl

Alpha subunit G 39.965 kDa 350 aa 5.331 -9.643

Beta subunit (B 37.377 kDa 340 aa 5.490 -7.127

Gamma subunit & 8.544 kDa 74 aa 4.508 -5.172

In search of centrin 1 interaction partners locatedhe vertebrate retina, a €a
dependent interaction with thepGsubunit was found in a testing system so callegtlay-
assay. Coimmunoprecipitation experiments confirthed also the heterotrimeric G-protein is
an interaction partner of centrins. In the follogisurface plasmon resonance studies only the
Gy complex was immobilized on the surface to probetrae interactions [Chapter 6.6].
Figure 6.2.2 shows the(& subunits in three different perspectives.

The extracted and purified transducifsfasubunits from the bovine retina were kindly
provided by Alexander Pulvermiller; lab of Klausté&teHofmann, Institut fur Medizinische
Physik und Biophysik, Charité — UniversitatsmediBierlin, Ziegelstr. 5-9, D-10098 Berlin,

Germany.

Figure 6.2.2: The beta and gamma subunits of the @rotein transducin are shown in three different

perspectives (determined by x-ray crystal structuré. The larger beta subunit is pictured in blue, the
gamma subunit in brown. The seventeen accessibleslge moieties are presented in green.
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6.3 Centrins in the vertebrate cells

The centrins are relatively small acidic proteinghwa molecular weight of about 20 kDa
(~ 170 aa). Centrins are phospho proteins and betotige parvalbumin superfamily of the
calcium binding proteirté * Centrins contain like the second messenger caltimsé *®four
EF-hand motifs, that are €abinding helix-loop-helix structural motifs. Thertte EF-hand
stems actually from the two flanking-helices E and F, that are positioned roughly
perpendicular to one another. They look like a haitd helix E as the thumb and helix F as
the index finger. The predicted 3D strucfiref human centrin 1 is shown in Figure 6.3.1.
During evolution some EF motifs apparently lostirtladility of C&* binding. Human
centrins 1 and 2 bind two moles of calcium per mufierotein (EF1 or EF3 and EF2)
whereas centrin isoforms 3 and 4 bind only one nudlecalcium per mole of protein
(EF4Y°*°° C&* activated centrins are more compact in structuré ean form dimers,

oligomers or even polymefs®2 The binding of C& enhances the affinity of the centrins
pL. 63

to their interaction partners as Wél

Figure 6.3.1: ModBasé&’ predicted 3D structure of human centrin 1 (caltradin isoform 2) containing 4 EF-
hand domains®. Three different perspectives are shown (front vie, side view, top view- rightwards, from
the left to the right). ModBase is a database of 3Protein models calculated by comparative modelir.
The models are derived by ModPipe that relies on #htwo programs PSI-BLAST and MODELLER. The
theoretically calculated models include fold assignents and alignments, but may contain errors.

Other C&" binding proteins are for example the signalingtgiro calmodulin and a
muscle protein troponin C. The centrins are ~ 5@ifilar to calmodulin, one of the best
known proteins of the Gabinding family.

a®® and

Centrins were first described in unicellular gresigae Tetraselmis striat
Chlamydomonas reinhardtii °” °® ° Over the last decade, centrins have been foumdrinus
species from all kingdoms of eucaryotic organisnatipts, fungi, plants and animig”.

Centrins from diverse species have relatively ighuence homologies (55 — 85°84§® The
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high level of conservation in the amino acid seqeesfcthe centrins suggest that cetrins play
a fundamental role for the célts

In green algae centrins are the major compoundis@éllar rootlets, where they form
filamentous contractile structures that contracPAmdependent in a response to an increase
of calcium ion8” *® ’® These nano filaments feature a length of 2 - 6 Inngreen algae and
yeast only two centrin isoforms are expressedottent cells four different centrin isoforms
(centrin 1 - 4) were discover®d’® "#’! Centrins are commonly associated with centrosom-
related structuré&®2 They are found for example @entrioles of centrosomes, basal bodies,
spindle poles and the transition zone of &fli@ They are involved in the biological

processes of cell division and mitotic centrosoejeasation.

Cena Cen1i Cen2 Cen3 Cen4
(0133
—) 9] —) —
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modified from Giel3kt al., 2004

Figure 6.3.2: (A) Immunoelectron microscopy to loclze centrin 3 in a mouse photoreceptor cell [OS-
outer segment; IS-inner segment; BB-basal body; Bar0.5 pm]. (B) Schematic illustration of the
differential localization of the four centrin isoforms in vertebrate photoreceptor cells. (C) Schemati
illustration of the differential localization of the four centrin isoforms in non-specialized celfé.

In vertebrates centrin 2 and centrin 3 are expdeabgjuitously. In contrast, centrin 1
and centrin 4 expression is constrained to ciliats. The four known centrin isoforms are
all expressed in the ciliated photoreceptor celfstt®e rodent¥. These isoforms are

differentially localized in the subcellular compaentd* (Figure 6.3.2). In
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immunofluorescence analysis, preadsorbed antibodiese utilized to show different
localizations of the centrin isoforms in the retth&entrin 1 is selectively associated with the
connecting cilium* [Chapter 6.1.3]. Centrin 2 and 3 were localizedhi@ connecting cilium
as well as in the basal body of photoreceptor celisl at the centrosomes of non-
photoreceptor celfs But the antibody of centrin 4 shows staining omlth the basal body of
photoreceptor celfs

The colocalization of centrin 1 — centrin 3 in tplotoreceptor connecting cilium
suggests centrin-transducin-complexes have beemethrwhereas the centriolar localization
of centrin 2 - 4 indicates a second function of teatring®. Soluble cytoplasmatic centrins
may regulate enzymatic reactions in a calcium depmtnchanner similar to calmodulin. So
far little is known about centrin function in mamimna cells.

Sequence analysis of the centrins revealed thedaudjfferences in the N terminus.
Thus, the N terminal region is thought to be resjim@gor variable functions of the centrins
in the different species as well as between thierdifit isoforms of the same specie&” &
The N terminus is also responsible for thé'daduced polymerization of the centrifis’?
Therefore several centrin 1 constructs that aretshed from the N terminus will be
examined in the following studies to further apprdhis theory (Figure 6.3.3). This centrin
fragments and isoforms originate all from the gea@fMus musculus.

Table 6.3.1 refers to the absolute values of tigricel constructs used in my studies
as interaction partners of the beta-gamma subdititeoG-protein transducin (&) [Chapter
6.4 - 6.9].

Table 6.3.1: Properties of the different centrin 1lconstructs that | used in my studies. The complete
sequence of centrin 1 protein is abbreviated as Cé&p holo; the missing N-terminal sequence of centrin 1
plus 6 amino acids is abbreviated as Cen\$1Nterm; the absent N-terminal sequence of centriri-
CenlpANterm; missing EF-hand 1 centrin 1 is called CenlfEF1. Isoform centrin 3 was studied as well.
All centrins originate from the genome ofMus musculus. Omiga software was used to calculate the values
for the different protein fragments (Omiga: Programmes ,Omiga 2.0“; company: Oxford Molekular
Ltd.).

Constructs Molecular Length Isoelectric |Charge at pH 7.0
weight, MW point, pl

Cenlpholo 19.696 kDa 172 aa 4.538 -9.965

CenlAS1INterm |17.044 kDa 148 aa 4.235 -14.961

Cenl@\Nterm 16.329 kDa 142 aa 4.251 -13.967

Cenl\EF1 12.420 kDa 107 aa 4.265 -10.980

Cen3pholo 19.519 kDa 167 aa 4.369 -14.782
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Figure 6.3.3: Schematic illustration of generated entrin 1 fragments for identification of functional
protein domains (MmCenlp -Mus musculus, centrin 1 ptein)*®. Isoform centrin 3 was also used in the
study and is depictured below the centrin 1 fragmets. The EF-hand motifs are pictured in a round shap.
Ca” binding is indicated, if the EF-hand is not degemated. Additionally, domains for phosphorylation by
proteinkinase C (PKC- small, black rectangle) and ¥ caseinkinase2 (CK2- big, red rectangle) are shown
The nomenclature of the fragments refers to missingomains, e.g. CenlfANterm misses the N terminus.
The notation S1 in Cenl@AS1Nterm stands for additional 6 amino acids in comgrison to the
CenlpANterm construct (cf. Table 6.3.1).

The different centrin 1 fragments and centrin isof®mwere bacterially expressed and
kindly provided by Andreas Giel3l; lab of Prof. U.oiWum, Institute of Zoology, Dept. of

cell & Matrix Biology; Johannes Gutenberg Univeysi¥lainz, Germany.
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In the first step, the complete centrin isoformsraveamplified using reverse
transcription polymerase chain reaction. During tieiaction the m-RNA is transcribed in a c-
DNA strand that is amplified with specially designarimers for the centrin amplification. In
the next step, the centrins were cloned in Blupsarectors (Amersham) suitable for the
storage. Then, the clones were used for recombiegptession with another expression
vector pGex4T3 inserted. The GST expression vectnds for the glutathione S-transferase
as well. GST fused to the N-terminus of the cestaliows for various applications.

Firstly, GST-fusion proteins can be easily purifeda glutathione-sepharose column.
Addition of free glutathione that bind to the GSdntrins release the GST-proteins after
purification from the column. Secondly, GST-fuseehttins possess a mass of ~ 46 kDa
compared to the mass of ~ 20 kDa for the centrotgon alone. By using surface plasmon
resonance spectroscopy as a mass sensitive detewtitod, it is a quite obvious advantage

to double the mass of the centrins. Thirdly, thel&Scleaved from the GST-fusion protein.

6.4 Motivation

During the last decade, four different isoformste C&* binding protein centrin have been
identified in rodents [Chapter 6.3]. Although ceémérare ubiquitously expressed, only little is
known about their biological functions. This theRisuses on the function of the centrins in
rod photoreceptor cells of the vertebrate retinae @ifferent localizations of the isoforms
suggest that the centrins may conduct special ifumt In search of interaction partners,
previous studies revealed binding of centrins te Bliy-subunits of the visual G-protein
transducin in a calcium dependent manner [Chap®r @/hile the centrins are expressed
universally, the expression of the transducin alphlaunit (Go) is limited to the vertebrate
retina photoreceptor cells. The connecting ciliunthe photoreceptor cell is predestinated for
the binding event of centrin and transducin [Chafig].

The aim of this study is to identify the interagisites of centrin 1 (Cenl) to tifts-
subunits of transducin by epitope mapping. Demanditerest exists in a method that allows
not only for the identification of the interactisge but also for differentiating between the
centrin isoforms. Basic monitors, such as lightttecag, absorption and fluorescence,
investigate the proteins in their natural environtn@hese methods exploit the endogenous
properties of proteins, e.g. the intrinsic fluoesce of tryptophan, Trp-207 in transducin that
is localized near the active center of the G-pmte utilized for detection. Light scattering
uses the activation dependent solubility of tracgdulhe scattering signal is interpreted as a
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gain of protein mass that is bound to the disc ntamés of photoreceptor cell&*. Another
completely different technique is size-exclusionochatography that detects a weight shift
for protein complexes in contrast to the single @rotnolecule.

Kinetic light scattering and size-exclusion chrooggaphy experiments provided first
data for possible centrin transducin interactioardy surface plasmon resonance spectroscopy
as a method to monitor specific interactions afasas is used to further investigate the
protein-protein interaction. The significant advege of the SPR technique is its capability of
labelfree detection to monitor real-time interacsiowithout changing the natural kinetic
characteristics of the proteins. SPR is thoughiite a detailed kinetic interpretation of the
centrin- transducin interaction. It is expectec¢omfirm the data derived from light scattering
and to determine the affinity constantg,(lkof).

Several GST-Cenl and Cenl fragments, respectiasdyexpressed to give a detailed
answer, which sequence of the centrin 1 is esseiotisthe binding to transducin (®y)
[Chapter 6.3].

Centrin 3 isoform was expressed as well and condpréhe binding behaviour of
centrin 1. The regulation mechanism of the prob@nding is under investigation as well. It is
analyzed, weather there is amvitro regeneration of the protein complexes possiblaabr

This thesis contributes to further understandingesttrin function in sensory systems.
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6.5 Development of the sensor architecture

6.5.1. Commercial CM5 sensor chip (Biacore)

The commercial CM5 Chip from Biacore as an esthblissurface matrix was chosen for the
molecular interaction of centrin to transducin. As learned from previous chapter
[Chapter 4; NPG] that surface enhancement incre#fsessignal of detection, the three
dimensional dextran matrix was also expected to béixta better signal than a two
dimensional matrix. The carboxy-methyl-dextran (CMmDatrix bound to gold films for
surface plasmon resonance spectroscopy purposefirsthsdescribed by Stefan Lofas and
Bo Johnsson in 1980

In my studies, CM5 chips without the housing (BiagdJppsala, Sweden) were used
to excite surface plasmon resonances in the homeletiip [Chapter 3.1]. The chips consist
of a D263 glass (n = 1.523 &t= 588 nm) with a thickness of ~ 0.5 mm that istedawith
~ 50 nm of gold. The refractive index mismatch hesw the D263 glass and the LaSFN9
prism (n= 1.85 ah= 633 nm) was negligible for angles smaller thasP~ 63 degreé& The
plasmon reflectivity dip appeared at the same posias in the case of a LaSFN9 glass
substrate coupled to a LaSFN9 prf8m

The CM5 chip (Figure 6.5.1) is a specially modifedbstrate. On the gold surface, a
self assembled monolayer (SAM) of a long chaino-ydroxyalkyl thiol (typically,
16-mercaptohexadecan-1-ol) is forfietb prevent unspecific binding of ligands. Thensthi
hydroxy terminated layer is activated by epichlgtn under basic condition to generate
epoxy groups. In the next step, dextran, a linedyrper of 1,6- linked glucose units, is
covalently bound to the epoxides. The dextran plewi a highly stable, flexible,
non-crosslinked brush-like matrix that extends ~ 1@0 from the gold coated surface if
incubated with physiological buffer. Further fumctalization of the dextran was done by
reaction with bromoacetic acid to form carboxylrogps. The detailed preparation steps are
described by L6f&. The main advantages of the CM5 chip are the nikgition of
non-specific binding, due to the SAM and the dextreush, and the greatly enhanced surface
for sensing.

The carboxylated dextran chains of the CM5 chip w®va negatively charged
hydrogel-covered surface (-COQCthat can be utilized for covalent coupling of ivas
ligands. Biacore developed an activation-coupliegdalivation protocol to immobilize

proteins. A fraction of carboxy groups (~ 25 — 3D Was activated by using a mixture of
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freshly prepared 0.2 M N-ethyl-N"-(3-dimethylaminopyl) carbodiimide hydrochloride
(EDC) and 0.05 M N-hydroxy-succinimide (NHS) in MiQ water (Figures 6.5.2 and 6.5.3).
After 10 minutes of activation, 1 pM transducin@abi buffer [Chapter 3, Materials] was
injected directly to bind to the reactive N-hydrexgcinimide esters. Actually, the key of
protein immobilization to a negatively charged damtmatrix is to use electrostatic attraction
to preconcentrate a positively charged protein gmotNH;") in the matrix (dextran -COD
Therefore, a solution with a pH smaller than theelectric point of the protein and low ionic

strength is preferred.

dextran, a linear polymer
of 1,6- linked glucose units
~100 nm; in buffer

1,@hydroxyalky! thiol

D263 glass substrate

(B)

EDC/ NHS
coupling

D263 glass substrate

Figure 6.5.1: Schematic presentation of a CM5 sensehip. A) Unloaded 3D carboxy-methyl-dextran
matrix, commercially available. B) Dextran matrix loaded with transducin for further interaction
experiments with the centrin 1holo and centrin delta EF1 construct.
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Figure 6.5.2: Chemical reaction of EDC/NHS activatin. Here, the first step in the binding reaction isan
N-ethyl-N"-(3-dimethylaminopropyl) carbodiimide (EDC) activation of the carboxy group of either the
dextran matrix or the P19 matrix (Chapter 6.5.2) toform O-acylisourea intermediates. These inter-
mediates are only stable for a few seconds. If naréne is coupled, the intemediates will hydrolyze ah
result in the carboxyl group. In the presence of NI$ reagent the O-acylisourea intermediates can be
converted to amine-reactive NHS-esters.

N-hydroxy-succinimide esters yield stable productsupon reaction with primary amines. Accessible
a-amine groups existent on the N-termini of proteinsand g-amines on lysine residues of proteins react
with NHS-esters to form amide bonds. Relatively efifient coupling can be achieved under physiological
buffer conditions.

Both beta and gamma subunits of transduciifg\)Gare negatively charged in Gabi
buffer at pH = 7.1 [Table 6.2.1]. Due to the unshié binding condition only poor binding of
transducin was obtained. Furthermore, transducifyj®ffers ~ 17 lysine residues and thus
was bound in sterically random way, so that sonmricebinding sites may not be accessible
in the protein-protein interaction assay. After timenobilization of the transducin (&) and

129



Chapter 6. Epitope mapping to identify the cergequence interacting to transducin

the following rinsing step, excess NHS-esters wénen deactivated using 1 Mol
ethanolamine hydrochloride adjusted to pH 8.5 wsthdium hydroxide. Ethanolamine
solution also desalted loosely bound transducinclvinias seen in the kinetic measurement
as a decrease in reflectivity (Figure 6.5.3). Wh6muM CenlAEF1 in buffer F [Chapter 3,
Materials] was injected, a slight increase in i&flety was detected. But after the rinsing step
no centrin fragment remained bound to the betagamdma subunits of transducin {88).

10 uM Cenlgholo in buffer Fshowed similar behaviour, even though centrimolb was the
positive control. The centrins diluted in buffemith a pH of ~ 8.0 were negatively charged

since the centrins feature isoelectric points df2- 4.5 (Table 6.3.1).

Ethanolamine 1M
50 1
40
S EDC/NHS
E\ 4
= Cenlp Cenlp
T 30 _
ks Transducin 1uM l AEF1 l holo l
2 l 10 pM 10 pM
20+
| 2+
L‘ buffer F + Ca
109 MilliQ (10 mM)
T T T T T T T T T T r ]
0 50 100 150 200 250 300
Time/ min

Figure 6.5.3: Centrin-transducin interaction on a Bacore CM5 Chip. SPR kinetic measurement monitors
the different steps: EDC-NHS activation of the carbxy groups; binding of transducin to the NHS-esters
binding of ethanolamine to excess NHS-esters and s#gdting of losely bond transducin; interaction of he

centrin fragment CenlpAEF1 and the holo protein Cenlpholo. The blue arrows indicate injection of
buffer F with Ca®" (10 mM) as rinsing steps.

It can be concluded from surface plasmon resonare@surements on Biacore CM5
Chip, that the negatively charged carboxylated rd@ximatrix indeed was not suitable to
probe transducin centrin interaction due to the iseelectric points of the proteins. Around
70 -75 % of the carboxy groups remained inactivads -COQ so that the negatively
charged proteins of interest were repulsed frondtheéran matrix.
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6.5.2. Peptide P19 matrix

Since the three dimensional dextran matrix wasapptropriate to probe transducin-centrin
interaction, a two dimensional surface architectmas considered in a second approach. The
19-mer peptides CSRARKQAASIKVAVSADR (CYS-SER-ARG-ALARG-LYS-GLN-
ALA-ALA-SER-ILE-LYS-VAL-ALA-VAL-SER-ALA-ASP-ARG) ab breviated as P19 were
used as hydrophilic spacer molecules to immobitie transducin at the evaporated gold
surfaces [Chapter 3.4]. P19 (Sigma) is a fragmémdrinin derived from the alpha subunit
of the heterotrimeric proteifh Lamining® are a family of large extracellular glycoproteins
that are involved in cell growth and differentiation

The self assembly of the peptide P19 layer wasvalibby the gold-sulfur interaction
of the N-terminal cysteine (C; CYS) residtfesThe C-terminus of the peptide P19 was
activated by EDC/NHS coupling reagent (cf. Figur®.8). The helical structure of the
peptide P19 is self-spacing and thus enables uateddbinding of the beta and gamma

subunits of transducin (@) to the activated NHS-esters.

nolo of Cenlp holo
ST-Cenlp
Gst o G

Transducin

EDC/ NHS
coupling

LaSFN9 glass substrate

Figure 6.5.4: Two dimensional surface architecturebased on peptide P19 matrix to probe centrin-
transducin interaction.

After the built up of the surface architecture (kg 6.5.5) centrin-transducin
interaction was probed. In order to gain enhancemietihe surface plasmon resonance signal
on a 2D matrix, glutathione S-transferase (GST-CgMlgion proteins were chosen. GST-

fused centrins possess a mass of ~ 46 kDa compatbé mass of ~ 20 kDa for the centrin
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protein alone [Chapter 6.4]. Firstly, glutathiondr&sferase (GST) as a negatively control
was investigated. Subsequent to a short rinsingniat with C&" containing buffer F
(10 mM), the positive control of GST-Cenlmwlo was probed. The proteins both in a
concentration of 10 uM showed different binding é&bur. For GST a low binding signal

was observed, while GST-Cenlgl o high binding signal during the same time interval.

28] EDCINHS
36

34 Transducin 1pM l

32
30

28

Reflectivity/ %

26—
buffer F +Ca2+

24+ (10 mM)
2] P19 5uM

18+ MilliQ MIliQ \itio
: : :

T T T T T T T
50 100 150 200 250

Time/ min

Figure 6.5.5: Built up of the two dimensional surfae architecture based on peptide P19. SPR kinetic
measurement monitors the different steps: self-asswily of P19 in Milli Q; EDC-NHS activation of the
carboxy groups; binding of transducin (GBY) to the NHS-esters The black arrows show injectionf Milli

Q water and the blue arrows indicate injection of iffer F with Ca?* (10 mM) as rinsing steps.

26—
254
_ l Cenlpholol
. 10 uM
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B holo 10 uM
> 234
=
3 1 GsT
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(O] 2+
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i buffer F + EGTA
20 (6mM)
19 T T T T T T T 1
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Figure 6.5.6: Centrin- transducin interaction on the two dimensional peptide P19 matrix. GST was
utilized as a negative control. GST-fusion proteifGST-Cenlpholo) was used for an enhancement of the
SPR signal compared to the centrin (Cenlpolo). The blue arrows show injection of buffer F containg
Ca*" and the cyan arrows indicate injection of buffer Fwith EGTA.
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During rinsing with buffer F containing €a(10 mM) not much of the proteins was
dissociated. For regeneration purposes, buffer th @imM ethylene glycol tetracetic acid
(EGTA) was chosen, because the binding of centinransducin is thought to be €a
dependent. Buffer F with 6 mM EGTA was applied faro times, but was not able to
regenerate the surface completely. After changimgkbto buffer F containing Ga
centrin 1holo (10 uM) was probed.

As results from the use of the two dimensional Ririx can be concluded, that the
peptide P19 formed a reproducible and stable mayerland transducin was coupled to the
P19 via active ester chemistry. As well as on tiec&e chip the binding of transducin was
undirected. But this time at least a poor centrimdlig was detected afterwards.

GST attached to the N-terminus of the centrins egyly did not strongly influence
the interaction between transducin and centrinabse centrin holo resulted in less binding
than the GST-centrin Holo fusion protein with the double mass of ~ 46 kDa.

Centrin binding to transducin is thought to be*‘Cdependent [Chapter 6.1.2/6.1.3].
However, the centrin interaction with transducirswat completely reversible by just adding
ethylene diamine tetracetic acid (EDTA; data notwaionor ethylene glycol tetracetic acid
(EGTA), a highly specific G4 chelating agent, to the buffer.

The negative control, GST alone, resulted in bigdm the P19 sensor surface. This
indicates the need of additional improvements td?h@ matrix.
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6.5.3. Combined mPEG thiol matrix

In order to minimize non-specific protein absorptaf the peptide P19 matrix the sensor had

to be further developed. Poly (ethylene glycol) mmethylether (INPEG) as one of the most

promising materials that prevent non-specific higdof proteins to gladsand metal coated

surface¥, was chosen to cover the intermolecular spackehélical P19 molecules.
Subsequent to the self-assembly of the peptide (B1M P19 (Sigma) in Milli Q;

~ 80 min) mPEG thiol (1 uM mPEG (Polypure) in Mi@)i; ~ 20 min) was assembled on the

evaporated gold film. The structure of the used @R#ol and conformation of the improved

sensor architecture is depictured in Figure 6.5.7.

Ethanolaminee mPEG thiol

HO “~\~NH . H3C¢O\E/\OJI6\/SH

Transducin

EDC/ NHS
coupling

LaSFN9 glass substrate

Figure 6.5.7: Combined mPEG thiol matrix. Two improvements were made compared to the peptide P19
matrix. Firstly, passivation of the accessible goldsensor surface was completed with mPEG thiol.

Secondly, deactivation of the excess NHS-esters washieved by using ethanolamine. All of the centrin

fragments, centrin 1holo and centrin 3holo isoform were probed on this sensor surface.
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Additional to the passivation of the gold surfacghvithe mPEG thiol, excess NHS-
esters were deactivated this time by ethanolanmsnié was done for the Biacore CM5 Chip
[Chapter 6.5.1]. After the passivation, no protemsither transducin nor centrin, were bound
non-specifically to the gold film. And after the agivation of the NHS-ester groups, no

further protein could be covalently bound to thetmke P19 matrix.

Ethanolamine

70 M
60— [:
\O
< 50 EDC/NHS \
£ 7] 0.2M/ 0.05M
0 404 ransaucin
o 1uM

//H © buffer F + Ca2™

301 P19 mPEG
1 5uM 1uM

—  ~~
20

buffer F + Ca2+
T T T T T T T T T T T T T !
0 50 100 150 200 250 300
Time/min

Figure 6.5.8: Built up of the improved two dimensioal surface architecture based on P19. SPR kinetic
measurement monitors the different steps: self-ass®ly of peptide P19 in Milli Q; self-assembly of mEG
thiol; injection of buffer F + Ca®" as a reference; EDC-NHS activation of the carboxgroups of the
c-terminus of P19; binding of transducin (GBY) to the NHS-esters; binding of ethanolamine to reaining

NHS-esters; floating the cell with buffer F +C&" as the last step. Three different kinetic curvesb{ack, red
and green line) resultant of three different gold fims are shown.

Henceforth, only the combined mPEG thiol matrix weed to investigate centrin-
transducin interaction&ll of the centrin fragments, centrinfiblo and centrin 3olo isoform

were probed on this sensor surface in the follovingpter.
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6.6. Regeneration of the sensor surface

Fundamental to an optimal sensor is the abilitpeadorm multiple cycles of an assay on the
same sensor surface. Not only to minimize the exjpaedof the measurement time, but also
to have reproducible conditions. Since slight samipl sample variations can cause some
undesired error. Surface regeneration should gtesaan efficient removal of the bound
material from the sensor surface whilst maintainithg activity of the immobilized
compound.

In this study, transducin (®y) was covalently bound to the peptide P19 matrixe T
interaction partner centrin was expected to be remdw allow for probing of the differently
expressed centrin constructs. The binding of centoi the beta and gamma subunit of
transducin is thought to be €alependent. Therefore, in the very first approadifeb F with
ethylene glycol tetracetic acid (EGTA) was chosenrégenerate the sensor. EGTA is a
chelating agent that is similar to the well-knowthyéene diamine tetracetic acid (EDTA)
reagent, but with a higher affinity for calcium théor magnesium ions. From other binding
assays it is known that quite high concentratidnghe chelating agent are needed to release
the interaction partner out of a comptexX* Therefore, in the binding study of centrin-
transducin, EGTA concentrations of 6 mM up to 29@ mere applied to the system. But the
centrin was dissociated only to some extent. Emarse of high concentrated chelating agent,
a full regeneration of the P19 sensor surface waschieved.

Regeneration protocols often exploit a pH jump ptianal low or high ionic strength
solutions. But the beta and gamma subunits of rdrestlucin started to unfold at pH values
lower than pH 6. Variations in ionic strength atBd not regenerate the peptide P19 surface.
Another conventional regeneration method that cadssociation of protein complexes uses
sodium dodecyl sulfate (SDS). A short pulse of S@&upts non-covalent bounds in the
proteins, thereby partially denatures the protaimd causes a change in conformation. In this
study SDS concentrations of 1% up to 10 % werecied to dissociate the centrin-
transducin complexes without success.

Due to the failure of the conventional regeneratimethods, a more complex
regulation than only the presence or absence dfi@&entrin-tranducin complexes had to be
consideredin vivo the centrin-transducin complexes may be dissatiafter phosphorylation
by the casein kinase 2 (confer Figure 6.1.4). le test experiment casein kinase 2 and
adenosine 5’-triphophate (ATP) containing bufferswapplied to the centrin-transducin

complexes anchored to the peptide P19 matrix. Butcimange in the surface plasmon
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resonance signal was observed. No effect of theic&sase 2 under these buffer conditions
does not mean that no interaction between the rcdgease 2 and the protein complex is
possible in general.

6.7 Further experimental optimization

Since the flow cell volume of ~ 11 pL was reallyainthe flow rate had to be optimized for

the peptide P19 system first. The P19 matrix way eensitive turbulences that caused
bubbles. But when the peristaltic pump was switcloéd completely, mass transport

limitations of centrin binding were observed. Se tbwest flow of ~ 35 pL/min that could be

obtained from the peristaltic pump was chosen ab@icentrin-transducin interactions.

Centrin-transducin binding was also dependent oa tloncentrations of both
interaction partners. A densely packed layer afigdaicin molecules resulted from a 10 uM
solution and did not show a satisfying centrin algmwhile a 1 uM solution of transducin
yielded a good signal. The centrins were alwaysl irs@ concentration of 10 uM.

The contact time for the interaction had to be rojed as well. Due to really slow
binding of centrin to transducin a binding inteneader ~ 1000 minutes with the flow of ~
35 uL/min was selected. During this time intervalsaturation of the surface plasmon
resonance signal was reached mostly.

In vivo the centrin-transducin reaction should happeniwittinutes. The much longer
time period that is needed for the interaction migatdue to the fact that transducin is
immobilized on the surface. Also the accessibitifythe transducins is limited, because the
transducins are linked to the matrix in an undedatvay. In principle, a His-tag strategy for
the immobilization of transducin is practical. Bt this study, the His-tag strategy was
purposely not chosen to interfere as less as pessilth the natural kinetic characteristics of

the protein.

6.8 SPR results of centrin-transducin interactions

The following surface plasmon resonance measurameete conducted under all these
optimized conditions. Firstly, the interactions afentrin 1 protein constructs and
centrin 1holo protein were probed. Secondly, centrindBo isoform was compared to the
centrin 1holo. Since no complete regeneration of the sensoaseinivas possible, for each

interaction experiment a new sample was used. En&in constructs or centrin 3 isoform
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were measured first and centrimdo as the positive control was monitored afterwaFis.

all interaction experiments buffer F containingd0@0 mM) pH 8 was used.

6.8.1. Centrin 1 (Cenlp) constructs

First of all the CenlfpEF1 construct was analysed, because it was thdeshqgrotein
fragment (Figure 6.3.3). The N-terminus and thst fitF-hand were missing. If a difference
existed between centrinhblo and the constructs, it was expected to be clesgn for the
Cenl@AEF1 construct. Indeed, the surface plasmon measmtsnproved the expectation
(Figure 6.8.1). In the kinetic measurement a smsighal (~ 1 % change in reflectivity) was
observed for the binding of CerdpF1 to the beta and gamma subunits of transdugBy\G
After 1000 min of binding reaction, the sample wiased with buffer F + Ca for ~ 400 min.
Almost no CenlAEF1 construct remained at the peptide P19 mattex #ie rinsing step.

At the same sensor surface the centiold protein showed a huge binding to the
subunits of transducin ¢®). This binding was not reversible by rinsing withffer F + C&"*
for ~ 400 min.
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Figure 6.8.1: Surface plasmon resonance kinetic mearement of Cen1lAEF1 versus Cenlpholo. The
measurement was conducted on the combined mPEG thiB19 matrix, where the beta and gamma
subunits of transducin were immobilized [the oscilitions at the beginning of the kinetic measuremendf
the centrin 1 holo are artefacts due to liquid handling problems].
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In a second experiment the affinity of CeANterm construct to transducin {3y)
was investigated. This centrin 1 fragment was mggnly the N-terminus (Figure 6.3.2).
Thus, the length of the CemANterm construc{l42 aa) was not much different to the length
of the centrin holo protein (172 aa); ~ 83 % of the length of cenfrimolo. But still showed
a similar binding behviour to the transducin@@ than the CenlXEF1 construct (107 aa).
After 1000 min of binding reaction, ~ 1.5 % changeeflectivity was derived in the
case of the CenINterm fragment (Figure 6.8.2). Subsequent rinsititly Wuffer F + C&"
for ~ 400 min dissociated around two third of theotein. The following centrin holo

binding yielded a very high signal, which was retarsible by rinsing the sensor surface.
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Figure 6.8.2: Surface plasmon resonance kinetic msarement of Cen1@ANterm versus Cenlpholo. The
measurement was conducted on the combined mPEG thiB19 matrix, where the beta and gamma
subunits of transducin were immobilized.

139



Chapter 6. Epitope mapping to identify the cergequence interacting to transducin

A third experiment was conducted with CeAfiNterm, a centrin 1 construct that
was only 6 amino acids longer than the previousiglyzed CenlfiNterm (Figure 6.8.3).
This time a huge binding signal was observed. THange in reflectivity was comparable to

the signal of centrin holo protein. Subsequently rinsing did not much infeeethe binding

signal.
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Figure 6.8.3: Surface plasmon resonance kinetic mearement of Cen1@AS1Nterm versus Cenlgholo. The
measurement was conducted on the combined mPEG thiB19 matrix, where the beta and gamma
subunits of transducin were immobilized.
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6.8.2. Centrin 3 (Cen3p) isoform

In this experiment, centrint®lo isoform was compared to the centrihdlo protein
(Figure 6.8.4). Again the optimized combined mPEGoltP19 matrix was used.
Centrin 3holo (167 aa) showed a slightly higher surface plasmesonance signal than
Cenl@AEF1 construct (107 aa) and CeANterm construc{l42 aa), that might be due to the
larger size of centrin Bolo.

But after rinsing for ~ 400 min, almost no cenfiholo protein remained at the sensor
surface. The positive control of centrimdlo protein showed a high surface plasmon signal

as in the experiments before.

30+
284

26+

——10uM centrin 1 holo
—— 10uM centrin 3holo
24

Reflectivity/ %

224

204

T T T T T T
0 200 400 600 800 1000 1200

T 1
1400 1600

Time/ min

Figure 6.8.4: Surface plasmon resonance kinetic mearement of Cen3pholo versus Cenlpholo. The
measurement was conducted on the combined mPEG thiB19 matrix, where the beta and gamma
subunits of transducin were immobilized.
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6.9 Conclusion and Outlook

A surface plasmon resonance sensor platform fdrioetnansducin interaction measurements
was successfully developed. The so-called combm&EG thiol/P19 matrix was stable,
reproducible and non-fouling.

The surface plasmon resonance measurements su@gestiidence that centrin 1
(Cenilpholo) and transducin indeed interact with high affifflt In vitro assays, such as
co-immunoprecipitation, overlay and co-sedimentatias well as size exclusion
chromatography and kinetic light scattering expernits, all of these methods, previously
demonstrated that Cenhplo binds with high affinity to transducin. Therefo@enlpholo
was capable to serve as the positive control inrtteeaction experiments.

This study showed additionally the variations imding affinity that exist for the
differently expressed centrin 1 constructs. Althoulge constructs possessed very different
masses, a clear differentiation in binding to tlamsducin was investigated in comparison to
the centrin Tholo protein. The CenXEF1 and CenlfNterm constructs exhibited nearly no
binding affinity to the beta and gamma subunit @nsducin. But the CenAS1Nterm
fragment, that is only six amino acids longer ttithe CenlANterm protein constructs,
resulted in a similar binding behavior than the Geholo protein. For that reason, these six
amino acids, LTEDQK, are thought to be responsibtethe binding to transducin (@&y)
(Figure 6.9.1).

Figure 6.9.1: Simulation of the centrin 1holo protein. The six amino acids, that were found to &
responsible for the binding to the beta and gammaubunits of transducin, are marked in blue. The
simulation was generated with software Vector-NTI-8ite (3D-viewer of Vector-NTI) using the 3D-
coordinates of the Brookhaven Protein Database (PDB
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Cen3p holo, an isoform of centrin 1, was investigated in th@face plasmon
resonance studies as well. In comparison to Céplipthe centrin 3 isoform resulted in very
limited binding to the beta and gamma subunitgarigducin. In Table 6.9.1 the SPR results

of the binding study were summarized.

Table 6.9.1: Summary of the SPR binding study to mpbe centrin-transducin interactions.

Limited binding to transducin (Gy) high affinity to transducin (Gy)
Cenlf\EF1 Cenlpholo

Cenl@\Nterm CenlfAS1Nterm

Cen3pholo

The affinity constants & and kg could not be determined in this study for several
reasons. The main difficulty to verify the bindiaffinity of centrin to transducin was that no
1: 1 ratio for the interaction was found. SPR meaments for longer periods of time, over
some days, showed a binding curve of centriholb that became linear and constantly
increased. Therefore, dimerization and oligomeionadf centrin 1 could be possible. Item
vivo, centrin 1holo protein was thought to form dimers and oligomerbuild nanofilaments.

A second problem to determine the affinity condamtas that the centrin-transducin
interaction was irreversible under the applied ®uffonditions. Hence no dissociation process
with buffer F (+ C&) was monitored and no.k was determinable. Even the usual
regeneration methods for sensors failed to sepamatdrin and transducinn vivo, the
centrin-transducin dissociation might be reguldigdan enzyme. Casein kinase 2 in an ATP
containing buffer was applied in this study as pmescandidate for regulation, but did not
show any effect under the testing conditions.

Thirdly, every interaction experiment was conduataca different substrate due to the
irreversibility of the centrin-transducin interawii As the beta and gamma subunits of
transducin that exposel7 lysin residues were lirtkethe matrix in an undirected way, the
response and the affinity constants could vary fsample to sample slightly.

There still remain unresolved issues in the ceritensducin interaction mechanism.
Especially the sensor regeneration needs a lairtdidr work. The binding behaviour of the
two other centrin isoforms, centrin 2 and centrincdn be investigated on the combined
MPEG thiol/P19 matrix as well. Different buffer cmons for the interaction can be studied.

Another approach to get an idea about the affindgstants, d and ks, could be
realized on a Biacore surface plasmon resonancecalewnder completely controlled

conditions. Constant temperature and flow in a &@enachine, injection by robot-controlled
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pipettes, smaller reaction volumes etc., all tHastors could improve the measurements. For
example, Biacore 2000 and 3000 instruments usensosehip technology, where the thin
gold film (- 50 nm) on the glass substrate is dddidnto four channels or flow cells. Both
devices can record from all four flow cells at theme time, allowing real-time reference
subtraction and measurement of analyte bindingfatthree different analytes can be probed
simultaneously. A Biacore device could not onlytéasthe SPR kinetic measurements, but
also increase the reproducibility. The centrin fn@gts could be traced and compared to the
centrin 1holo in real time, each on a newly built sensor matkgr the experiments on

Biacore instruments the combined mPEG thiol/P1%imabuld be used as well.
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7. Summary

In this study, surface plasmon phenomena, i.e.ggating and localized surface plasmon
resonances (p-/I-SPR), were used for detailed trgag®ns of molecular interactions on
different substrate surfaces. Other surface cheniaation methods such as cyclic
voltammetry, impedance spectroscopy, and scanié@afyen microscopy were used to obtain
complementary information.

In the first part of this study, nanoporous goldP(®) substrates were examined. It
emerged that the use of NPG substrates was noh@esreiteration of “another metal” for
plasmonic sensing. The NPG substrates displayeguanproperties due to their porosity.
They were uniquely suited to the examination offasie plasmons because the material
simultaneously showed features of both planar nfétas exhibiting p-SPR excitations and
nanoparticles exhibiting I-SPR excitations. Theestavidin-doped bead binding experiment
proved the utility of NPG for quantitative p-SPR asarements. Taken together, the
experimental results led to an hypothesis regardopgical sensing of size-selective
adsorption on nanoporous metal membranes: thatespdtat were able to diffuseto the
pores of NPG and modify their dielectric atmospheeee detectable by changes in the I-SPR
excitations, whereas species that adsorbed amitythe geometric surface of the pores of a
film of NPG were less influential to I-SPR but etipaletectable by p-SPR measurements.
More generally, the results of this research previdsights into the fundamental optical
properties of mesoporous materials and the dedigmew high surface area materials for
dynamic optical sensing of adsorbates.

The second part of this study was based on thestigations of macroporous
gold/silica composite inverse opals. The substratese prepared through silane surface
modification, followed by gold nanoparticle depamsit and electroless plating on the silica
inverse opal templates. These samples combineddtantages of a larger available gold
surface area with a regular and highly orderedmyadtructure. A plasmonic response of the
gold/silica composite inverse opals was observeldiclhw showed a pronounced spectral
change upon the variation of the surrounding dialec This observation demonstrated the
capability of this novel material to be used fonsiag applications.

In the final part of this thesis, surface plasmesonance spectroscopy was utilized to
monitor interfacial protein/protein interactionstbe calcium binding protein centrin with the
heterotrimeric G-protein transducin on an evapaoratiat/dense gold film in order to

understand the molecular concept of vision betdesensor platform for centrin-transducin
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interaction measurements was successfully developeel interacting-site of centrin 1 was
identified by probing differently expressed centtifragments. Six amino acids, LTEDQK,
were shown to be responsible for the binding toddacin (@y). Kinetic measurements
showed that centrin-transducin binding does notuocm a 1:1 ratio. Furthermore,
dimerization and oligomerization of centrin 1 wadicated. Consequently, centrin 1 can bind
the transducin passing the ciliary lumen and mayritnrie to a C& dependent barrier for

transducin in the connecting cilium.
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8. Appendix

8.1 Summary of advantages and disadvantages of NREa glance

Advantage of NPG

Disadvantage of NPG

Inexpensive material and production (Ig
cost)
> affordable (hammering)

Wwihomogeneities in film thickness

Compatible with well-studied SAMs of thiol
> biocompatible

SNPG roughness causes forward scattering
directional backward scattering
nonradiative SPs,

no sharp signals (both in plasmon and
absorbance peak)

and
of

Free corrosion of Ag-Au alloy in 70 % HN(
at room temperature

DProduction of toxic N@during fabrication

Pore size tuneable with time of exposure
acid bath

2NiI0 major differences in pore size for samp
5 min to 2 h etched

es

High surface area due to 3D pore structure
>sponge like morphology

Fractal structure leads to size limitations
pores are not accessible for larger molecu
> penetrable only by molecules of cert
shapes and sizes.

; —_—
es -
ain

Stable NPG substrate with only a few defe
such as cracks — sponge like morphol
stays stable for at least 6 month (in water
dried state)

2Clgtical step in NPG fabrication is tl
oglhanization of the glass slide, where 3D s
arzsembly of the 3 MPT molecules can hag
preventing the NPG from being fully glued
the glass substrate

l.e. the NPG could come off during t
experiment

Continuous gold can exhibit p-SPR

A sharp resonaacebe derived only by 4
invisible IR laser. This laser should be parg
aligned, for example to a red laser,
visualizing the measuring spot.

Nanostructures can exhibit I-SPR

Small signals, hsucas DNA-DNA
hybridization are smeared out / in the ng
range due to large pore size distribution

p-SPR and I|-SPR modes can be exg
simultaneously

ited

NPG is  compatible  with  typical
electrochemical impedance spectroscopy |[EIS
measurements

NPG membranes are translucent

> transmission to determine the thickness
Floats on water

NPG morphology can function as ionic fluid

reservoir

ne
elf-
pen
to
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for
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8.2 Supporting material for chapter 6

(A)

(B)
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Figure 8.2.1: (A) Centrin-1-olo protein — titration experiment: centrin-1-holo protein as a positive control

was injected in different concentrations to probe e interaction between transducin and centrin. The
surface architecture was the combined mPEG thiol ntaix described in chapter 6 (6.5.3); (B) Scans were
recorded before and after the deposition of centrirl-holo protein. A fit of the scan curves revealed a
thickness of 10.6 nm for the centrin coverage assung an homogeneous centrin layer with a refractive
index of 1.45; Winspall (version 2.20) was used fdhe fitting.
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8.3 Table of standard amino acid abbreviations

Symbols of the 20 standard amino acids are listatie following table according to IUPAC
(International Union of Pure and Applied Chemistafnd IUB (International Union of
Biochemistry) nomenclature recommendations (UPAB-IGommission on Biochemical
Nomenclature (CBN). Abbreviations and symbols focleic acids, polynucleotides and their
constituents. Recommendations 1970). The follovaibigreviations were used in this thesis.

Amino Acid 3-Letter 1-Letter
Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamic acid Glu E
Glutamine GIn Q
Glycine Gly G
Histidine His H
Isoleucine lle I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp W
Tyrosine Tyr Y
Valine Val \%
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8.4 List of Abbreviations

This is a list of abbreviations that are used intéxs.

aa
AC
ACF
AFM
ANTA
ATP
BK7
BLMs
CC
CcO
Cal

cen (cenl-cen4)

cf.
cGMP
CK2
CPE
CVv
Cytc
1D

2D

3D

DC
DDM
DiPhyPC
DMSO
DNA
DTSP
DTP

E
EDTA
EG
e.g.
EIS
EtOH
FEG
Fig.
FRA
FT-IR
FWHM
G-protein
GDP
GRK1
Gs

Gi

Got

amino acid (protein length)
alternating current
autocorrelation function
atomic force microscopy
amino-nitrilotriacetic acid
adenosine triphosphate (universal energseaagy of organisms)
Borkron glass (Fishé&cientific)
black lipid membranes
connecting cilium
cytochrome c oxidase
capacitance of the double layer
centrin (centrin 1- centrin 4)
confer
cyclic guanosine monophosphate
casein kinase 2
constant phase element
cyclic voltammetry
cytochrome ¢
one dimensional
two dimensional
three dimensional
direct current
n-Dodecyl$-D-maltoside
1,2-diphytanoyn-glycero-3-phosphocholine
dimethyl sulfoxide (C§),SO
deoxyribonucleic acid
dithiobis l{-succinimidyl propionate)
dithiodipropionic acid
potential
ethylenediaminetetraacetic acid (chelatggnt)
evaporated gold (film)
for exampleapbr. of Latin exempli gratia)
electrochemical impedance spectroscopy
ethanol
field emission gun
figure
frequency response analyzer
Fourier Transform Infrared
full width at half maximum
guanine nucleotide binding protein
guanosine diphosphate
rhodopsin kinase
generation 4 (dendrimer)
G-protein (alpha subunit) that inhibits adenylatlage
olfactory-type G protein (alpha subunit)
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Gta

GiBy
GaBy
GST
GTP
GTase
h

HeNe (laser)
i

IgG

IHP

IR

IS

kDa
LaSFN9
LbL

min

Mm

Mm
mHz/ MHz
MPA
MPT
MW

mvV

G-protein (alpha subunit) that stimulates phospiasie C
G-protein (alpha subunit) that activates adenytsittase
transducin (guanine nucleotide binding protein)

alpha subunit of transducin
beta-gamma subunit of transducin

heterotrimeric transducin (alpha-beta-gamma sipou

glutathione S-transferase
guanosine triphosphate
enzyme that can bind and hydrolyze GTP
hour
helium-neon (laser)
current response
immunoglobulin G
inner Helmholtz plane
infrared
inner segment
kilodalton being equal to 1000 daltons
Lanthanschwerflint glass (Schott)
layer-by-layer
minute
Mus musculus
millimeter, 10° m
millihertz, 16 Hz/ megahertz, fHz
mercaptopropionic acid
(3-mercaptopropyl) trimethoxy-silane
molecular weight
milli, 10° Volt
nanometer, 10m
nanoparticle
nanoporous gold
outer Helmholtz plane
outer segment
phosphate buffer saline
isoelectric point
phosphodiesterase
polydimethyl siloxane
proteinkinase C
photoreceptor cell
guartz crystal microbalance
resistance
series resistance
Faradaic resistance
refractive index
rhodopsin
streptavidin
polystyrene latex bead doped with strefutav
self assembled monolayer
secondary electrons
Scanning Electron Microscopy
surface plasmon
surface plasmon resonance
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I-SPR
p-SPR
tBLM
TSG
XPS

localized surface plasmon resonance
propagating surface plasmon resonance
tethered lipid bilayer

template stripped gold (ultra flat sample)
X-ray photoelectron spectroscopy
admittance

impedance
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8.5 List of Fiqures

Figure 1.1.1:Principle of a biosensor

Figure 2.1.1:Dispersion relation

Figure 2.1.2:Prism coupling in the Kretschmann/Raether configona

Figure 2.1.3:Simulated surface plasmon resonance signal

Figure 2.1.4:Simulated SPR signal, influenced by the excitatiavelength

Figure 2.1.5: (A)Prism coupling to probe adsorption of layers

Figure 2.1.5:(B) Dispersion relation, herm versus kp

Figure 2.1.5:(C) The angular reflectivity curves; shifted due to@gsion of layers
Figure 2.1.6:Absorption spectra of a porous film before andrafhmobilization of higG
Figure 2.2.1:Cyclic voltammogram for a reversible electron tfanseaction

Figure 2.2.2: (A)Model of the electrical double layer of HelmholiB63)

Figure 2.2.2: (B)Model of the electrical double layer of Bockris,vaeathan and Mdiller
Figure 2.3.1:Drawing of an AC voltage over time (the sine waae{l a resulting current
Figure 2.3.2:Equivalent circuit for a single electrochemicall cel

Figure 2.3.3:Equivalent circuit for a complex system

Figure 2.3.4:Simulated Bode plot for a simple equivalent citcaodel

Figure 2.3.5:Simulated admittance plot for a simple equivat@rduit model

Figure 2.4.1:LEO (Zeiss) 1530 Gemini

Figure 2.5.1:Exploitation of the 1D correlation function
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