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Abstract

Upon implantation of a biomaterial into the humamyy a cascade of subsequent
reactions takes place at the implant surface. Ongiat step towards
biointegration is the adsorption of proteins. Tthigsis aims at the development of
a stable and relatively simple system to model nhéve protein film on a
biomaterial surface under the influence of eledigtds. Collagen was chosen as
the adsorbing protein and gold as the substrateeriaht Capacitance
measurements, polarization modulation infrared eodfbn absorption
spectroscopy (PM-IRRAS), surface plasmon resonapeetroscopy (SPR) and
ellipsometry are employed to analyze the stabiitd structure of adsorbed
collagen films.

The adsorbed collagen films are stable in contéitt &r for weeks and in
contact with an electrolyte solution for severalitso The thermal stability of the
collagen molecules is strongly enhanced when addodm a gold surface. The
expected denaturation of collagen at a temperatud8 °C does not take place.
Even temperatures of up to 50 °C do not lead tagbs in the collagen structure.

A potential-dependent incorporation of the elegt®lsolution into the
adsorbed collagen film is observed. Increasing mi@tks result in a decrease of
the electrolyte content in the collagen film andeviversa. Changing potentials
destabilize the collagen films leading to desorptiof the otherwise stable
molecules from the gold surface at temperaturesraré0 °C.

As enhancements of the model system, other substraterials like Ti or
TiOxCy are introduced and compared to the gold substrdiesy mimic an
implant material more closely and it is shown thia adsorption of collagen
molecules to the Ti@and TiQC, surfaces is comparable to the adsorption on
gold. However, both materials are not very suita#de an electrode material
because titanium is covered with an insulatingveatixide layer and the TiGy
surfaces are still under development and do ndd yieproducible results, yet.
The transfer of a DMPC lipid bilayer onto the cgka covered gold surface to
simulate the adhesion of a cell membrane is anogiéznsion of the model
system. It is shown that collagen and DMPC candteated and analyzed without
mutual interference via PM-IRRAS. However, the $fanred bilayers are not

stable in contact with the electrolyte solution.







Zusammenfassung

Nach der Implantation eines Biomaterials in den sohhichen Koérper findet eine
Kette von Folgereaktionen an der ImplantatoberBaddtatt. Ein wichtiger
Reationsschritt in Richtung Biointegration ist didsorption von Proteinen. Ziel
dieser Doktorarbeit ist die Entwicklung eines dt&biund relativ einfachen
Modellsystems flir den nativen Proteinfilm auf eiBéomaterialoberflache unter
dem EinfluR elektrischer Felder. Kollagen wurde @és adsorbierende Protein
und Gold als das Substratmaterial ausgewahlt. K&psmessungen,
Polarisations Modulation Infrarot Reflektions-Abgbonsspektroskopie (PM-
IRRAS), Oberflachen Plasmonen Resonanzspektroskog&PR) und
Ellipsometrie wurden verwendet um die Stabilitdtd uBtruktur adsorbierter
Kollagenfilme zu analysieren.

Unter Luftkontakt sind die adsorbierten Kollagem#d fir mehrere Wochen stabil,
im Kontakt mit einer Elektrolytlosung fir mehrerguSden. Die thermische
Stabilitat der Kollagenmolekile ist nach der Adsiomp stark erhoht. Eine
Denaturierung von adsorbiertem Kollagen, erwartet #3 °C, wurde nicht
beobachtet. Stattdessen bleiben die Molekile miadedis zu einer Temperatur
von 50 °C stabil.

In Abhangigkeit von dem angelegten Potential &ndéch der Gehalt der
Elektrolytlosung im Kollagenfilm. Ho6here Potentialesultieren in einem
geringeren  Elektrolytgehalt und umgekehrt. Zusélzli wurde eine
Destabilisierung des Kollagenfilms bei wechselnBetentialen einhergehend mit
der Desorption der Molekuile bei Temperaturen umGBeobachtet.

Zur Verbesserung des Modellsystems wurden andebsti@tmaterialien wie
Titania und TiQC, eingefuihrt und mit Goldoberflachen verglichen. dgie
Materialien sind tatsachlichen Implnatatmeteriali@hnlicher und es wurde
gezeigt, dass die Adsorption von Kollagen an déberflachen vergleichbar zu
der Adsorption an Gold ablauft. Allerdings sind weditania noch TiQC, gut
als Elektrodenmaterial fur elektrochemische Messuangeeignet. Das Titan ist
von einer isolierenden Oxidschicht umgeben undiTjOein Material, das sich
noch in der Entwicklung befindet, fihrt noch nickati reproduzierbaren
Ergebnissen. Zuséatzlich werden DMPC Doppelschictdah die adsorbierten

Kollagenfilme Ubertragen um die Adhasion von Zehnheanen zu simulieren. Es




wird gezeigt, dass Kollagen und DMPC mit Hilfe deM-IRRAS parallel
detektiert und analysiert werden konnen. Allerdingsnd die DMPC
Doppelschichten nicht stabil im Kontakt mit der lfelytldsung.
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»~Je n‘ai pas besoin de cette hypothése”

- Pierre S. de Laplace
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1 Introduction

The application of biomaterials in medicine is vadeead. It ranges from
cannulae made from stainless steel to titaniunitamitim alloy screws and plates
for the fixation of bones after fractures and bypstents or dental implants with
ceramics and gold componehts The most common metallic biomaterials can be
classified in three major groups: stainless st&&teCr alloys and titanium and its
alloys. Less common are materials containing gutkel or magnesiurt?.

Implant materials, made of titanium alloys or sless steel, are used in
every day surgery. The scientific knowledge concgrnthe processes and
interactions that take place when a biomaterial eonmto contact with a
physiological system was poor when the implant nelgewere first introduced.
For ca. 50 years implant materials made of titanhawve been researched to fully
understand the interaction of cells or proteinlite biomaterial surfadé # > ©
and the influence of corrosion on the biointegratpyocess " & % ! A Iot of
scientific attention has been focused on the optation of the implant material
surface to increase its biocompatibility. For exénphe surface morphology and
topography can be changed, meaning increased porasiroughness for an
increased overall surface area ®. Alternatively, an additional protein coating
L8] or a thick oxide layer* can be placed on the biomaterial surface to iserea
the biocompatibility.

This thesis focuses on the analysis of the chanipsh occur in a protein
film that is adsorbed on a biomaterial surface urle influence of electric fields
at different temperatures. These two parameters sa&ected for several reasons.
Due to charges accumulated on lipid and proteiremwés a biological interface
is exposed to static electric fields in the ordet@ to 10 V m™* 2. Under such
high electric fields the structure, orientation dmgtiration of a molecule may
differ from that in the bulk phadé?® *3! The preparation of a biological film on an
electrode surface gives the possibility to studgséh assemblies exposed to
physiological electric field§*®. Moreover, movement induced wear can lead to
significant local potential differences at a bioeral interface! ** ! Little
research was conducted so far on the analysiseahfluence of an electric field
on the structure and stability of adsorbed protélms. However, the
understanding of the processes that take placenptant material surfaces
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requires the knowledge of the influence electretds have on adsorbed protein
films.

Temperature is a factor that strongly influencestiolecular structure and
functioning of a proteirt *> ' 71 Usually proteins are stable at temperatures
around the body core temperature (~37 °C) and thligibove (up to 41 °C),
which corresponds to an increased body temperatuee to fever. A further
temperature increase (43 °C — 50 °C) would resuthdst cases in changes in the
protein tertiary structure, the so called denatomatAccordingly, a change in the
denaturation temperature of an adsorbed protemifilcomparison to the protein
in solution allows conclusions concerning changethée molecular stability*®.

However, real physiological systems are very compéeg. native protein
films formed at an implant surface within the hunierdy depend strongly on the
physicochemical surface properties of the biomalteti'®. Various proteins from
the extracellular matrix adsorb on the implant acefin vivad'. It is reasonable to
abstract to a model system that gives a close tdseoe to real systems. The
model system used in this thesis consists of a fidrmed by adsorbed collagen
molecules on a gold electrode surface, modeling lilematerial substrate.
Collagen was chosen because it is the most abupdatgin in the human body
and a major component of native protein films alddedron biomaterial surfaces.
Although gold is not the most commonly used biomakeit facilitates
electrochemical and optical measurements becau#s bfgh conductivity and
reflectivity of IR and UV/Vis light 2.

The stability of collagen films exposed to changielgctric fields was
studied. The structure and electrolyte content he fprotein assembly in
dependence on the applied potential were investigdah situ’ by means of
infrared reflection absorption spectroscopy andipsiimetry. A potential
dependent model of the implant interface was ptteslesind discussed.

Nevertheless, the model system is very simple atideaend of this thesis a
section will be dedicated to possible enhancemettsicture and stability of a
lipid bilayer, modeling the adhesion of a cell tbetprotein film in the
biointegration cascade, is studied.




2 Theory and Literature Review

2.1 Biomaterials

Literature provides several similar definitions ‘@fiomaterials”, ranging
from a “synthetic material to replace part of aifgy system or to function in
contact with living tissue* ?!) to the very broad definition of “any substance or
combination of substances (other than drugs) syintbe natural in origin, which
can be used for a period of time, as a whole graasof a system, which treats,
augments or replaces any tissue, organ or functighe body”! ?> 22| Another
definition is given by the Consensus Conferencdhef European Society for
Biomaterials: a biomaterial is “a nonviable matetaed in a medical device,
intended to interact with biological systemi$®. These definitions cover a wide
range of materials and it is not surprising thabniaterial research and
development is an interdisciplinary endeavor. Materscience and engineering
focus on the processing of these materials: théingascomposition, surface
treatments. Chemistry and physics are necessaryntterstand the material
properties: Conductivity, zeta potential, mechangraperties. On the other hand
chemical and biological techniques are used toyaeathe interaction of the
material with physiological systems: formation oéspivizing oxide layers,
protein and cell adsorption, tissue growth. Andilinthe clinical studies convert
all the information to medical applications.

Table 1 shows an overview of the most important ioadpplications of
biomaterials and the used substances. The diffezatdgories correspond to
different requirements besides biocompatibilityttthee applied biomaterials have
to fulfill. Cardiovascular implants interact withomd and soft tissue and e.g. must
be non-thrombogenic. Dental implants need a highhaeical stability and must
be compatible to tooth enamel. Soft tissue implamtshe other hand have to be
elastic and true to the touch. Metals and alloys wsually used for orthopedic
implants because they can be designed isoelastioobe tissue. Ophthalmic

implants need completely different properties lik@sparency to visible light.




Table 1: Biomaterial Application§™ 2% 22621

Application Biomaterials Remarks
Cardiovascular implants Materials must be non
thrombogenic

Heart valves Pyrolytic carbon, CoCReplace diseased heart
alloys, Titanium valves

Pacemakers Stainless steel, silicohaintain heart rhythm
rubber

Vascular grafts Polyurethanes, silicon@ure vascular disease

rubber, Teflon, Hema-
coated polymers, heparin

coatings

Stents Ti, Ta, shape memorPpen tiny arteries

alloys (NiTi)

Blood oxygenators Polycarbonate and silicone Replacthe  gas
transfer function of the
natural lungs during
surgery

Dental implants

Tooth replacement Stainless steel, CoCrMReplaces diseased,

alloys, Ti, Ti alloys, damaged, or loosened
bioglass teeth

Soft tissue implants

Breast prosthesis Silicones Augment or redefine
the tissue

Artificial skin: nose, chin, Hydrogels, collagen Replace lost soft tissue

other prostheses

Ophthalmic implants

Contact lenses Hydrogels, silicone&mnprove vision

acrylics

Intraocular lenses Hydrogels, siliconef®eplace natural lens

acrylics with degraded vision

Orthopedic Prostheses

Hip, Knee, Shoulder Stainless steel, Co®econstruct and repair

alloys, Ti, TiAIV alloy bony defects

Fixation PMMA

Biotechnology

Sensors Semiconductors Diagnostics

Implanted batteries Metals and semionductors  Dmy@ant devices

Electrodes Pt, Ti, Au, Ta Diagnostics, protein
immobilization,  cell
function

Lab-on-a-chip Glass, semiconductoBiagnostics

metals




2.2 Biointegration Cascade

At the interface between biomaterial and body flséVeral processes take
place that ultimately lead to the integration af thomaterial into the human body
and thus can be called the biointegration casckdge (). The first event that
happens immediately when an implant is brought aaietact with a human host
is the chemisorption of water and the resultingnfation of OH-groups at the
biomaterial surfacé 8. That process is followed by the slightly slowerda
electrostatically driven adsorption of ions onte furface. Proteins are the next to
adsorb on the implant surface (sometimes alsoctatienobilization). The forces
behind this process are usually neither the fownatf chemical bonds nor
electrostatic interactions but the dehydration lbé tprotein and subsequent
increase in entropy. Cell adhesion on the otherdhisnnot determined by
interactions between the cell and the biomateinatead the cells form bonds to
the adsorbed proteins at the interfade Finally, the immobilized cells start to

proliferate and build tissues; the integration iatouman host is successful.

Tissue

01s 1 10s 100 1000 s 10¢ 10%s 100
1d 10d

time

Figure 1: Scheme of the processes that take place on a ledadaturface in contact with the
human body. The processes are plotted in dependdrtbe time dimension in which they take
place. (unpublished, with kind permission of D. &ttweber, TU Dresden, Germany)

In order to study the complex biointegration praces model system shall
be used (Fig. 2). Important parameters, which hauee taken into account, are
the electrolyte composition and pH, as well as dlkerall temperature of the
system. Additionally, this thesis is focused on itifuence of electric fields. The
substrate biomaterial must be inert in contact watthuman body and, for
analytical purposes, well suited for electrochemnicand spectroscopic
measurements. Due to its high conductivity andeotiftity of IR and UV/Vis
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light gold was chosen as the substrate matefialThe chosen protein, collagen,
is the most abundant protein in the human bodyedsas the main component of

the extracellular matrix and native protein filmslmomaterial surfaces..

PBS

Collagen
Gold

Figure 2: Proposed model system made of a gold substrateBSa BRIk solution containing
collagen and an adsorbed collagen film at the finter

2.3 Collagen

Collagen is the most abundant protein in the huimadly. It is a major
component of the extracellular organic matrix adl we of bone and skin tissue.
Until now 28 different types of collagen have beedentified (collagen | —
collagen XXVII1) [ and can be classified into several species (Ta#r@ong
those species the fibrillar (or fibril-building) kagens are characterized most
extensively. In this thesis the fibrillar collagéype | is used. It is the organic
compound of bone tissue and makes up the largastidn of human body
collagen! ®Y. Especially implants in contact with bone tisslile hip joints and
surgical stents and screws, are exposed to colldgadsorption. Although
collagen VIl is called the anchoring collagen,stnot significantly involved in
implant body interaction. The name stems from threcfion of collagen VIl as an

anchor between the epidermis and dermis of thel&Kin

Table 2: Classification of collagen in basic species ani thrresponding type§®®

Species Type

Fibrillar collagen Collagen type I, 11, 1ll, V andl
Network building collagen Collagen type IV, VIII, X

Fibril associated collagen Collagen type IX, XHINX XXII
Transmembrane collagen Collagen type XllI, XVII, KIXXXV
Anchoring collagen Collagen type VII
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2.3.1 Structure of Collagen

One collagen molecule, also called tropocollagemsists of three helical
polypeptide chains that form a semiflexible tripkical tertiary structure (Fig. 3)
[33] This structure was first elucidated by X-ray filkffraction studies on native
collagen' 34 3% 3. 37land later confirmed through X-ray crystallograpstiedies on
synthetic collagen-like peptidéd® 3% 4% 4 The triple helix consists of three left-
handed ¢)-helices that are supercoiled in a right-handedmea Collagen |
forms fibrils with a periodicity of 64 nrh®”. On the amino acid chain level the
most significant feature is the regularly repeaseguence Gly-X-Y, with peptide
X often being proline (Pro) and Y often being hydroroline (Hyp)! *?. The
glycine (Gly) present at every third position prdew the helical secondary
structure of collagen. A higher Hyp content resuitan increased stability of the
triple helix! *®. The helices are stretched too far for any intie&kinteractions
on the amino acid chain levef 3" Regularly appearing interhelical H-bonds can
only be formed between the Gly amine of one chaahthe carbonyl of the amino
acid in X-position of another chain in the triplelix (Fig. 4)[ 3% 3" 43 The
molecular weight of one collagen molecule is cab X®a. Its shape can be
described simply as rope-like or spaghetti-likehvatlength of about 300 nm and
a diameter of 1.5 ni?™.

Gly Hyp

Amino acid chain e

Pro

" 300 nm |
_ Tropocollagen
molecules

ﬁ - . oo =
. Soomm mu = HE N mge® 0 S
Fibril ~.. .... =
(L) @7 o

ca 10 um X

Figure 3: Different levels of collagen structure.
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Figure 4: Scheme of one polypeptide chain in a collagen nubddecThe shown amino acid
sequence is Gly-X-Y-Gly-X. Arrows mark the H-bortdshe two other chains.

Under physiological conditions (36 °C, pH = 7.4pocollagen assembles
in ordered structures to form fibrils (Fig. 3). Beefibrils have structural features
that cannot be explained by the structure of tlopdcollagen. Atomic force
microscopy (AFM) images of collagen fibrils showguéarly appearing dents on
the fibrils (Fig. 5)! ®. Hulmes et al! **! developed a model that explained the
dents as spaces between the packed molecules. XHut three dimensional
packing of the tropocollagen molecules is still mown and different models

from a quasi-hexagonal packing to micro fibrils discussed in the literatuk&*
45, 46]

Figure 5: AFM image of a collagen fibril. The periodicallpgearing dents (marked by arrows)
are clearly visible! . (With permission of Kluwer Academic Publishers, 199 Kluwer
Academic Publishers)

At higher temperatures collagen molecules irrebdysdenaturize (43 °C
for collagen 1)! ) leading to at least a partial disintegration @ ttiple helix. At

this state collagen is better known under its ativiame: gelatine. Cooling down




of gelatine does not yield collagen fibrils, ingtethe single amino acid chains
stay separate and solidff}".

2.3.2  Application of Collagen in Research

Collagen is widely used and investigated in regearthe CAPLUS
chemical abstracts database records over 280 (fi@shnked to the keyword
“collagen”!*"!. Due to the wide use of collagen in science it ispussible to give
an overview of all its applications. Some selectexhmples of collagen
application in science that are related to thectayi this thesis are presented
below.

The structural analysis of collagen molecules dahdl$ was discussed in
the previous section. The process of fibrillogesesid the behaviour of the newly
formed fibrils in various environments are widetydied! 3! “ 4°- %% Research is
also conducted concerning the influence of collagenthe biocompatibility of
biomaterials by means of enhanced osteointegrdtioh °* °¥ The authors
proposed, that a collagen precoating on a bionadteurface greatly enhances the
adhesion and proliferation of bone tissue. Furtloeenthe collagen adsorption
behavior and film stability on different kinds afréaces ranging from metal and
metal alloy oxide$>" °* >° * to inorganic crystal layers made of hydroxyapatit
[5) and mixed hydroxyapatite/protein layér¥!, were studied intensely. A more
exotic, but intriguing example of the applicationiscollagen in research is the
electrochemically induced synthesis of collagen im@mes developed by Baker
et al.L®®. This study differs from most others in in two waifhey did not try to
simulate physiological conditions and they usedctele fields to manipulate
collagen growth. A pH gradient was created between electrodes by water
electrolysis. The collagen molecules in the sofutiare differently charged
depending on pH, and migrate towards the oppositeBrged electrode. They
traverse the electrolyte solution until a pointzefro charge is reached. At this
point the collagen molecules stop migrating andaggrate, ultimately forming
a membrane. Some work was done on the influencnaélectric field on the

process of collagen adsorptibrf’. However, to the author’s knowledge there is

-9-




no study concerning the behaviour of an alreadpré@sl collagen film under the
influence of electric fields.

Collagen has found many applications in biology aretlicine. It is applied
as an organic matrix for enzyme immobilizatiotY! allowing for the localized
analysis of active agents at interfaces. It is alsed as a scaffold material for cell
cultures and tissue engineerihf ¢ ¢ % which in turn are widely used for
biological and medical research purposes. Bothiegtpns use the very good
biocompatibility of collagen to create a quasi-pbimjical environment.
Especially useful for the work with cells is theoperty of collagen to facilitate
cell adhesion and proliferation. Collagen-coatedoparticles are investigated as
drug carriers for medical applicatié®’. Again the collagen coating increases the
biocompatibility while it functions at the same @mas a substrate for drug
immobilization. The role of collagen in the humaodp and connected diseases
like, osteogenesis imperfedt¥’, collagen-diseasé® and arthritid °”! is another

important field of research.

2.4 Ellipsometry

In the late 19 century ellipsometry was developed by the Gerntaysigist Paul
Drude! ®®. This method is based on the change of the palémiz state of the
perpendicular components of linearly polarized tligih there is a phase shift
between the two components the resulting beamliedcalliptically polarized,
thus the name ellipsometry. It allows analysis @fythin layers (with a thickness
of several pm to a few A) assembled on a reflecsiolil surface. Ellipsometry
became popular in the 1960’s together with the kbgweent of thin film
transistord ®¥. A second important factor for the flourishingedfipsometry was
the upcoming of computers during that time, whidloveed for the fast and
simple realization of the required calculations.

The following summary of formal representation lgfht transmission
trough optical media follows the description of Tkmns, Irene %8 and Fujiwara

(6% in their textbooks.
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2.4.1 Polarization of Light

A transverse wave that propagates in thdirection can be described by the
superposition of two perpendicular electric fielisandE, corresponding to the

andy axes, that depend on tint¢ énd the vertical space coordinate

V4

Figure 6: Schematic representation of light propagation @astesian coordinate system.

E(z,t) = Ex(z,t) + Ey(z,t) (2)

— [Exo ei(wt—pz+6x)]x + [Eyo ei(wt—pz+6y)]y

where x and y are unity vectors perpendicular to the propagatiinection,

p = 2m/A is the propagation numbek,, and E,, are the amplitudesy the
angular frequency anélx anddy are the initial phases of the respective waves.
The absolute values obx and &y are irrelevant when describing light
polarization. Instead the phase differedce 6x — 6y is usually used. The phase
difference is one of the parameters that are daétexdn by spectroscopic
ellipsometry.

Forp =1 andE,, = E,, three principal states of polarization can be efised.
The resulting projections of the electric field tacin the x,y-plane are shown in

Figure 7:

- Linear polarization (Fig. 7 a,b) means that 0 or r. In these cases the

resulting waveE (t) is described by a line.
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- Circular polarization (Fig. 7 c,d) means thhat %or 3?” which leads to right-

circularly polarized light for4 =§ and left-circularly polarized light for

31
A=—
2

- The most general case is elliptical polarizatioirg(F e,f) which covers all
other possiblel values. A distinction between right-ellipticallplarized light
(0 < 4 < m) and left-elliptically polarized lightf < 4 < 2m) is possible in the

same way as for circularly polarized light.

A=37n/2 A=m/2

Figure 7: Polarization states of a light beam with a) andin®ar polarization, c) and d) right and
left circular polarization and e) and f) left anght elliptic polarization.

-12 -




Besides the phase shift, the state of polarizaaetermined by the amplitudes

E.o and E,,. To be more precise, it is the relative amplitut}g/E,, that is of

analytical importance for ellipsometry and can bealibed by the angig as:
tany = ExO/EyO (2)

Y is the second parameter that is experimentallgrdened by ellipsometric
spectroscopy.Aandy are called the ellipsometric angles. By fittinge th
experimental data of and iy to a model the optical properties or thickness and

morphology of a system can be analyzed as desambdthpter 3.4.1.

2.4.2 Propagation of Polarized Light

To describe the propagation of polarized light tigio an ellipsometer a
model is used that allows the description of theeraction between light and
optical components such as a polarizer. Jones ngecnd linear operations,
represented by Jones matrices, are applied foregilijpéic polarizations. Another
system consists of Stokes vectors and Mueller oesriwhich are more suitable

for practical purposes.

Jones Vector

In reference to equation 1 the state of polariratian be written as a vector

with two complex components.

E . E, e~
|| = et [E iayl 3)
y yOe

The light intensity is given by

I=1,+1,~E%+EZ (4)
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With
2
E)%O + E)%O = IExlz + |Ey| (5)

Only relative changes in amplitude and phase ared usm conventional
ellipsometric measurements. Absolute intensity e@slare not necessary since
Jones Vectors are normalized={ 1). In this case, the linear polarization along

thex andy direction can be expressed as:

Elinear,x = [(1)] Elinear,y = [2] (6)

Linearly polarized light at 45° angle with= 1 can be denoted as

Es =] (7)

Right circular polarizationKR) and left circular polarizationEf) are expressed
by the following equations:

e T ®

One example of elliptic polarization described ke tellipsometric angles
Aand ¢ is:

B Sin Yy, exp(ilyy)
Eelliptic - cos lp
xy

9)

When (9) is compared to (3he number of real values needed to describe the
polarization state is reduced from four to two.sTisi possible because, on the one
hand Jones vectors have normalized intensitieoarttle other hand the absolute

phase values are irrelevant and instead the ph#téssised.
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Jones Matrices

When light interacts with a polarizing optical elemt, the polarization state
and light intensity change. Assuming only lineaamfjes the transformation of a

Jones vector (3) can be expressed in form of aixnatr

Eé — T Ex 11 ]12
)/l 1=l 2l o

The modified field amplitudes are, in general, teflato another coordinate
system& —n chosen in the plane of polarization. Th& 2 matrix / of (10) is
called Jones matrix of the element.

One example for such a transformation is the ratadif the coordinate system by

an anglex as illustrated by equation (11) and Figure 8:

E¢ R(a)[ l [ cos -a sin -a “Ex l 1)
E, E, —sin-a  cos-a ]|Ey

e e
i e

A

| y
e N

Figure 8: Clockwise rotation of theyzcoordinate system around tkexis by 90° leads to the
¢nz-coordinate system.

A slightly more complex example shows how a cascafdeeveral operations
transforms an input Jones Vectdt;,() into an output Jones Vect¢E,,;). This
example consists of two linear polarizers (a andvbdse transmission axes are
rotated by the angle. The second polarizer's (B)axis is rotated by the angle of
@ in comparison to the light detector. The resultirsgnsformation is given by the

following equation:

Eout = R(@)(D)R(@J(D)E i (12)
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Stokes Vector

Jones vectors describe polarized light. But theyno& be used for the
description of unpolarized or partially polarizedht. For this purpose Stokes
parameters are used. They consist of four real experimentally accessible
guantities, which have the dimension of intenskystokes vectos with the four

Stokes Parametefg — S5 is given below

So Iy
S1 _[ L — 1, ]

S| = 1nya - "””J'
S3 IR —_ IL

(13)

with [, being the total intensity of the beafy, I,, I;,and I_, ,are the light
intensities, which are transmitted through linealapzers at the angles of ©/2,
n/4 and —m/4 respectively.lp and I; are the intensities passing through right-

and left-circular polarizers. This also means that

IO:Ix+1y:ITL'/4+I—7T/4:IR+IL' (14)

For unpolarized light there is no difference betwdbe intensities denoting

S, — S3, thus the Stokes vector is described by the fotigvequation:

1
_¢< |0
Sunpolar - SO 0 (15)
0
Linear polarization with the azimuth is written as
1
S, = cos 2¢ (16)
lin =20 fsin 2¢ |’
0
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while the Stokes vectors of left§ {) and right-circular polarizatiorsg) are

1 1
S, =S, 8 Sg = S, 8. (17)
1 1

Using the ellipsometric angled andy for elliptic polarization leads to the

following Stokes vector:

1
— cos 2y
sin 2y cosA
—sin 2y sinA

Seut = So (18)

Mueller Matrix

The Mueller matrix is & x 4 matrix with a function analogous to the Jones
Matrix. It allows the description of the interactiof a light beam (represented by
a Stokes vector) with optical elements.

[5’0] So My; My, Miz My, [So
[S"1] _ = |51 My My; Mys Myl |S:

s =" =m|2= 19
[S ZJ So| = My My May Ma|s: (19)
S's S3 My, My My Myl lSs

To rotate the coordinate system by the anglde following Mueller matrix is

used in the same way as the rotation matrix (11)

1 0 0 0

7 _ 10 cos2a sin2a 0

M(a) = 0 —sin2a cos2a 0 (20)
0 0 0 1

The similarity to the Jones formalism also inclutles cascade af consecutive
transformations leading from an input Stokes ve¢#y;) to an output Stokes

vector §,.:)
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Sout = Mn le\zlsin (21)

2.4.3 Optical Elements

The following section introduces the optical eletserused in the
ellipsometry and PM-IRRAS experiments conductedhils thesis. All optical
elements are assumed to behave ideally, meaningthbee is no significant
attenuation of the light wave due to an interactitin the optical element. Their
use in the optical setup is described in detaibwellhe rotation of the coordinate
system (Tab. 3) usually accompanies the theordtieatment of optical elements

to facilitate the description of the light beameafinteraction, e.g. reflection.

Polarizer (Analyzer)

Polarizers generate linearly polarized light fromy anput polarization.
Several kinds of polarizers can be distinguishediueller matrix describing this
transformation is listed in Table 3. Different plogd properties can be applied for
this effect, e.g. the birefringence of calcite (©afis employed in Glan-Taylor

prisms, or the dichroism in wire-grid polarizers.

Table 3: Optical elements and examples for the correspontbings matrices and Mueller
matrices.

Optical Element Jones Matrix Mueller Matrix
. . 1 1 0 O
Linear polarizer 1 0] 11 1 0 o
(Analyzer) 0 0 210 0 0 O
0 0 0 O
1 0 0 0
Compensator [1 0 ] 0 1 0 0
(Retarder) 0 exp(—id) 0 0 coséd, sind,
0 0 -—sind, cosdc
_ 1 0 0 0
Photoeleastic [1 0 ] 0 1 0 0
modulator 0 exp(id) 0 0 cosd —sinéd
0 0 sind coséd
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_ 1 0 0 0
Coordinate cosa  sin a] 0 cos2a sin2a 0
rotation —sina cosa 0 —sinZ2a cosZ2a 0
0 0 0 1
5 1 N 0 O
. Tx N 1 0 O
[_rx exp(idy) 0 _ ] 2cos?y [0 0 C S‘
Isotropic 0 1y exp(idy) 0 0 S C
reflecting surface " Tyare the reflectivities in the N = —cos 2y
coordinate directions C = sin 2y cos A
S =sin2y sinA

Analyzers are technically identical to polarizelPmlarizers are positioned
between the light source and the sample, analyedpeated between sample and
detector. For ellipsometry the analyzer is rotdigdi5° and -45° from the beam
y-axis. From the differences in the beam intensities Stokes parameters and

ellipsometric angles can be calculated.

Compensator (Retarder)

A compensator also called retarder, transformst lgghlinear polarization
into elliptically or circularly polarized light. Airefringent crystal leads to a phase
shift §. between the components of linearly polarized lighthe direction of the

fast and slow axis. This phase difference is exga@by the following equation:
8¢ =5 Inc = nol d (22)

whered denotes the thickness of the compensdtay,— n,| is the difference
between the refractive indices of the experimeetadironment ¢,) and the
crystal fi.). The corresponding Jones and Mueller matricepareded in Table
3.
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Photoelastic Modulator

Application of a stress to an optically isotropicaterial causes a
deformation, which leads to a change of electromsidg in the direction of the
stress. In consequence the material becomes dptazasotropic. This behaviour
is called photoelasticity. The resulting birefringe is proportional to the applied
stress and one optical axis coincides with thectlse of the stress. The
difference to the functionality of a compensatothiat the birefringence does not
need to be constant in time.

A typical photoelastic modulator (PEM) setup iswhan Figure9. A block
of crystalline quartz is used as piezoelectricgdarcer for the mechanical stress.
When an electric field is applied at resonanceuesgy the resulting vibration is
directed along the long axis of the crystal. A tlig@artz with the same resonance
frequency is connected to the crystal quartz on side and interacts with the
transmitted light. The resonance of the transdlezas to a periodic stress in the
fused quartz and thus a change of the retardafidransmitted light along the

slow and fast axes of the crystal.

crystal quartz fused quartz

@

~ 100 kHz

Figure 9: Components of a photoelastic modulator. (adapted ff%)

The time dependent phase differeidgg,, between the fast and slow axis of the

fused quartz are described by:

5PEM = FSln((l)t) (23)
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Where F represents the phase amplitude amé- 2mv with v the resonance
frequency. The Jones and Mueller matrices repregeatPEM are given in Table
3.

For the PM-IRRAS technique the PEM is used aslawave retarder.
This means that at the extreme points of compressie light wave passing
through the fused quartz is retarded by half itselength along the slow axis of
the PEM (Fig.10). For an input light wave, that is polarizedelnly at 45° it is
hence possible to switch between two orthogonaéstaf polarization (p- and s-
polarization). If for example the half wave retaida is set at 1600 cth(i =
6250 nm), thed gy, is equal to 3125 nm.

Figure 10: Half wave retardation in a PEM, for a relaxed ay/si there is no change in the state
of polarization. For a compressed crystal b) thmponent of the light wave along the slow axis is
retarded by half its wave length. (Adapted frofh)

Isotropic Reflecting Surface

The reflection of a light wave on a planar surfatenges the state of
polarization of an incoming light beam. For an qbé angle of incidence (i.e.
other than 90°) the coordinate systems in the ptdrpolarization of the incident

and reflected wave change. Even for normal incideghex or y axis must be of
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opposite sign after reflection to keep the rightidhedx-y-zsystem preserved. The
Mueller and Jones matrices that describe this fibamstion, using the

ellipsometric angleg and A, are given in Table 3.

2.4.4 Ellipsometric Measurements

In ellipsometry the change of a light wave’s stafepolarization after
reflection from the sample is the observable (Hib). The measurement of the
change of light polarization distinguishes thisht@que from other optical
methods (e.g. IR spectroscopy), in which the changelight intensity is
measured. The state of polarization is determingdmgasuring orthogonal
components of the light wave. Preferably the p- artbmponents, where p-
means the electric field oscillates parallel (Gemmparallel) to the plane of
incidence and the s-component oscillates perpeladi¢@German:senkrecht) to
the plane of incidence. The p- and s-polarizedtligtreflected differently at a
surface. This means that after reflection a linepdlarized light wave is, usually,
transformed into an elliptically polarized one, berthe name ellipsometry. This
change can be expressed via the ellipsometric sujgiad A. A correlates to the
attenuation coefficienk and y is related to the amplitude ratio of p- and s-

polarized light (see EqQ. 2). The refractive inadegan be derived from this angle
[ 68, 69]

Figure 11: Schematic representation of the principle opstimetry. Different reflection of p- and
s-components of incident linearly polarized ligkadis to elliptic polarization of the reflected ligh
with ellipsometric angleg and A.

The reflectivity from a surface is also dependeamttlte angle of incidence
(). The angle, at which the largest difference betwhe reflectivity of p- and s-
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polarized light is reached, is called the Brewstmngle. Ellipsometric
measurements are usually performed at this angle.

The direct results from an ellipsometric measurdnaee the ellipsometric
anglesy andA. However, the desired results are usually thexcéifre indexn and
attenuation coefficierk. If both are known, the film thickness and pornpsian be
determined. In order to extract any of those valties experimental data have to

be fitted to an optical model.

2.5 Infrared Reflection Absorption Spectroscopy

Infrared spectroscopy (IRS) is a broadly used tegla which can be
regarded as one of the most important non-destrictnalytical tools used in
science Y. The largest field of application is the qualitatianalysis of organic
substances. IR spectra are rich in information altoe presence of structural
elements and functional groups. Furthermore, sieglestances can be identified
via their fingerprint-like IR spectrum. Informatioconcerning the structure of
complex macromolecules like proteins can be gaih&d Several reflection
methods have been developed in the lat8 @éntury, because of their high
sensitivity and their application for interface bysis ! 2.

In the 1960s Greenler published calculations argt fneasurements that
were the foundation for the development of theardd reflection absorption
spectroscopy (IRRASY* " He demonstrated that upon reflection of p-potatiz
light from a gold surface, a constructive interfere with the incident beam
occurs (Fig. 12a), resulting in an increased intgnsf the electric field
perpendicular to the surface. s-polarized light,tle other hand, is about 180°
phase-shifted upon reflection and destructive fatence cancels the electric field
at the surface (Fig. 12b). This phenomenon is ofedarred to as the surface
selection rule, meaning that only p-polarized ligah interact with a sample at
the surfacé . In addition, this also means that only molecutith a transitional
dipole moment that has a component normal to thface can be detected by
IRRAS methods.
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Figure 12: Electric field vectors at the surface. a) enhaneledtric field vector of p-polarized
light due to constructive interference directlytle surface. b) the electric field vectors of ireitl
and reflected s-polarized light interfere destrnedif at the surface.

The IRRAS aims at the analysis of thin films depaxbion reflecting
surfaces. A p-polarized beam is reflected at thssate surface and subsequently
detected (Fig. 13). To obtain any quantitative infation the angle of incidenée
and the complex refractive ind&¥, of the different phaseshave to be known.

N, =n,, + ik,
(24)

polarizer detector

Figure 13: Scheme of the IRRAS setup on the air solid interfac

A mathematical description of the reflectivity atrdnmittance of an IR
beam reflected from an interface (Fig. 14) are wikg the Fresnel equatioh&.
For the interface between the phases 1 and 2 gadapized light the resulting

reflection and transmission coefficients are:

_ 8281— &8

Tz = £2861+6:182 (25)
_ €281

t"12 =2 €2§1+€182 (26)
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With the complex dielectric constagy, for the phasen and the refraction
coefficient &,,, = N,, cos 8,,,. The reflection and transmission coefficient of s-

polarized light are:

U281~ 1162
= === 27
T112 U281+tp1é ( )
thg, = 2—281 28
112 U281+1182 ( )

with the magnetic permeability,,. For the systems discussed in this thesis

K equals one and has no influence on the equations.

Figure 14: Reflected and transmitted beam in a three phaselnod

If the system is expanded from a single interfaca three phase system
with the thicknessl, of the second layer and the attenuation coeffigienf the

light within this phase

p=2m2é, (29)

yields the reflection and transmission coefficiefds p- and s-polarized
light [ 7®:

_ Tiz+rypze 2 (30)

= —2i
1+71)12723€ 2iB

_ tiiz+tyaze
I 1+T||12T||233_2iﬁ

(31)

—2i

r, = T112+7123e 26

L 7 141,71 03e 2B
1127123

(32)
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—2i
_ tii2ttizze B
1471127123726

t, (33)

From the Fresnel equations it is possible to cateulhe transmittanceand
reflectivity R of p- and of s-polarized light respectively. Onhgetreflectivity is
relevant for IRRAS measurements.

R=r|? (34)

The Fresnel equations also allow the calculatiothefmean electric fields
of the different polarization at the surface in gmson to the incident electric
field ((E?)?) [ 20:

ig;;:; =(1+Ry+ ZRi/2 cos [5I —4n (%) 51] (35)
—EEZ:;; = cos? 0, {(1 +Ry) — 2R cos [5f — am (2) &,] } (36)
—ig:;g:; =sin?6, {(1 +R)) + 2R|T/2 cos [5{ —4m G) 51] } (37)

with 6" being the phase shift of the electric field afigftection. The shift

is defined by the real and imaginary parts of theskel coefficients:

_1 [Im(rg
8, = arg(ry,) = tan™! [% (38)

The enhancement of the electric field close to dhdace for p-polarized
light, together with a longer beam path through #ample, increases the
sensitivity of this technique significantly in coarson to transmission
techniques. This allows the analysis of organicgamof a thickness of a single-
molecule layet " "® However, separate background spectra have tedweded

for each sample introducing a systematic erronéolRRAS measurement.
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251 Polarization Modulation Infrared Reflection

Absorption Spectroscopy

In the early 1980’s Goldemnd co-workers developed the polarization
modulation infrared reflection absorption technidB&-IRRAS)! °\. They used
the fact that s-polarized light does not interaghwhe sample at the surface.
While p-polarized light contains information abotite background and the
sample, s-polarized light only contains backgroumdormation. By fast
modulation between s- and p-polarized light it@asgble to quasi simultaneously
measure background and sample spectra. This afoww& much faster and
exacter measurement of films with a thickness enrtionolayer range compared
to conventional IRRAS techniqués®® 8 For the instrumental realization a
photoelastic modulator is inserted into the beath jp&hind the polarizer and a

lock-in amplifier is used as a filter to demoduldte beam (Fig. 15).

lock-in
photoelastic amplifier
modulator

polarizer detector

Figure 15: Scheme ofthe PM-IRRAS setup.

At the detector p- and s-polarized light are noagsueed separately. Instead
the ratio of the differenciR, — R, | of the reflected s- and p-polarized light and
the averag€R; + R,)/2 of both signals are measuréd ® ® In theory this can

be described in terms of intensifi}:

&) =25t (39)

theor. Is+Ip

With Al as the difference in intensity ar(d)the average intensity. In
practice the detected signal has to be demodultdedain two intensities

Al(w)and(I)(w) as a function of the excitation frequenoyof the photoelastic
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modulator. These are linked to the firg(¢,)) and second/,(¢,)) order
Bessel functions withp, being the maximum shift of the incident light byet
PEM!®,

_ Us@)tip(@) | Jis(@)=lp (@)

(INw) = > 2 J1(¢o) (40)
Al(w) = |I;(w) — L,(w)J2(¢o) (41)

The equations 48nd 41can be reduced {5

(1)) = (D) +F J1(o) (42)
Al(w) = Al J,(¢) (43)

On highly reflective surfaces! is much smaller thaff). Thus, the second

term in (42) is negligible compared ¢B and (42) can be simplified to.

(1) +5 Ja(¢o) ~ (1) (44)

The intensity average and intensity difference speare plotted in (Fig. 16

a). The resulting experimental spectrum is th@ratid] (w)and(I)(w)

((AI;((Z))) = ﬂ]2 (¢0) (45)

exp. R0

In other words: the experimental spectra are tloelymt of the theoretical
spectrum with the second order Bessel function. (E&gb). The Bessel function
describes how well the PEM is able to switch betwele two states of
polarization. The retardation of a light beam defseon the wavelength®".
Correspondingly, the main maximum of the Besselction is found at the
wavelength for which the switching between s- arblarization was done. The
intensity declines to higher wavenumbers indicatihgt the difference between
the polarizations becomes smaller until it dropgeco. At this point there is no

difference between the two polarizations and hercehange in polarization.
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Accordingly, only the region around the main maximoan be used (Fig. 16 b).
The half wave retardation of the PEM, that is th@np at which p- and s-
polarization works ideally, has to be set to thevelangth of interest before the
spectrum is recorded.

To extract the absorption spectrum, the raw data babe corrected for the
Bessel function (Fig. 16 c). The Bessel function ba calculated®. However,
for this thesis a polynomial was determined tah@ Bessel function manually.

a) — Intensity Difference
---- Intensity Average

0.3

0.2

)
<
0.1
0.0 f=—==== T T T T 1
6000 5000 4000 3000 2000 1000
Wavenumber / cm™
0.4 b)
0.34
o |
= 0.2
0.1
0.0 T T T T 1
6000 5000 4000 3000 2000 1000
Wavenumber /em”
0.06
c)
0.04 4
o
<

0.02

0.00 T T T T T T J
1750 1700 1650 1600 1550 1500 1450 1400

Wavenumber /cm’™

Figure 16: Steps in PM-IRRA spectrum development. a) Intgreiterage and intensity difference
spectrum. b) Intensity ratio including Bessel fumet c) Final spectrum of the amide | region
(1750 cnt — 1400 crit) after correction for the Bessel function.
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2.5.2 IR Spectroscopy of Proteins

All proteins have one common feature: they aretbaoil amino acids
connected via amide bonds. Accordingly, the amidadb, of which nine are
distinguished in literature (Tab. 4), are the mpsiminent contributions to a
protein infrared spectrum. Another spectral featoirgroteins, shared with all
carbohydrates, are the @BHs-vibrational modes (Tab. 5). However, most of
those modes do not yield any structural informationcerning proteins.

The protein structure is a complex system. The gmynstructure describes
the amino acid sequence of the protein backbone.sHtondary structures are
locally formed by hydrogen bonding. Examples foctsstructural elements are
a—helix, B—sheet, random coil arf-turn! 8% The overall structure of a protein
is called the tertiary structure. Finally, the euratry structure describes the
interaction between protein molecules, like themfation of fibrils. The three
dimensional structure of proteins under physiolagoonditions is referred to as
the native structure. If the ambient conditions nde (e.g. temperature, pH,
pressure, solvent compositidrf: 17 887, 88.89.90. 91924 5r6tein may unfold (i.e.
it loses features of its secondary to quaternanctire) leading to a denaturated

protein.

Table 4: Amide vibrational modes of proteih%* 4

Vibrational Mode Wavenumber / ch Nature of Vibrations
Designation

A 3300 N-H stretching, in

B 3100 resonance with Amide Il
overtone

I 1653 80% C=0 stretching, 10%

C-N stretching, 10% N-H

bending

Il 1567 60% N-H bending, 40%

C-N stretching
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Vibrational Mode Wavenumber / cth Nature of Vibrations
Designation
1] 1299 30% C-N stretching, 30%
N-H bending, 10% C=0
stretching, 10% O=C-N
bending, 20% other
v 627 40% O=C-N bending, 60%
other
\% 725 N-H bending
Vi 600 C=0 bending
VI 200 C-N torsion
Table 5: Acyl chain mode$®!.
Vibrational Mode Wavenumber / €m
vad CH3) asymmetric stretch 2950-2980
vad CH,) asymmetric stretch 2915-2924
vg(CH3) symmetric stretch 2860-2885
vg(CH,) symmetric stretch 2848-2854
8(CH,) scissoring 1462-1474
1468
1473
dadCHs) bending 1450
roc.(CH,) rocking 720, 728

The amide | band is especially suitable to anallgsesecondary structure of
a protein! %6 97 98 9. 100l Thjs ysyally broad absorption band is composed of
several overlapping bands. Deconvolution yieldsialig that can be assigned to
different structural elements (Tab. 6). Howevegsth assignments are based on
empirical data obtained from polypeptides or progewith only one dominant
structural element and can be used only with caufi@r instance, the amide |

bands of myoglobin and haemoglobin, both purehhelical proteins, have a
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component in the 1640 ¢m- 1620 cnl region, which would indicate 8-

structurd % 01

Table 6: Amide | frequencies of secondary protein structfté®.

Wavenumber / ch Assignment
1621-1627 B-Structure
1628-1634
1635-1640
1641-1647 random Coil
1651-1657 a-Helix
1658-1666 turns and bends
1668-1671
1671-1679 B-Structure
1681-1685 turns and bends
1687-1690
1692-1696

IR Spectroscopy of Collagen

Due to its unique composition and structure, thedam band of the IR
spectrum of collagen differs significantly from #pectra of other proteins. There
have been several attempts to explain the amidad lsomponents by assigning
them to different systems of H-bonds in the literat*® %2 1% The amide | band
analysis carried out in this thesis will refer be tband assignments developed by
Lazarev et al' % and Payne et di*® (Tab. 7), because of their good correlation
to the widely accepted structural model of collageneloped by Ramachandran
[43] They identified three to four major amide | bandngmnents and correlated
them to inter helical H-bonds and H-bonds to waterlecules. The strongest
component around 1660 €nis related tov(CO) in the X-position involved in
interhelical H-bonds with the Gly amine group (2)3and vanishes during
denaturatiort **.. The second component of the amide | band is édcatound
1630-1633 cnt and appears due to the contribution of imino &Bid and Hyp)
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carbonyls H-bonded to water. This was verified g tiependence between band
intensity and imino acid fraction in the collageroletules! °2. The two
remaining minor bands are not defined consensimlliterature! *> %2 While
Lazarev et all *%? correlated the band at 1670 ¢rto carbonyl groups of the
remaining amino acids H-bonded to water, Paynel.ét'd on the other hand
observed a small band in that region but did noibate it to any structural
element. The same authors attributed a componer84& cni to Gly carbonyls
that have formed H-bonds to water. That band wa®bserved at all by Lazarev

et al.l 1%

1656 cm”

1637 cm’

Y\ 1678 cm’

V| e~

1600 1700

Figure 17: Amide | band and deconvolution by Lazarev et alafged from *°%)

Table 7: Amide | frequencies of collagén® %2

Wavenumber / ch Assignment
1630-1633 H-Bonds between HYP and Water
1643 H-Bonds between GLY and water
1656-1660 inter helical H-bonds
1670 H-Bonds of other amino acids to water
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3 Experimental Section

3.1 Preparation of Collagen Films

Three kinds of substrates were used to investigattagen molecules
adsorbed on gold surfaces: two polycrystalline gt electrodes with diameters
of 15 mm and 4 mm and 100 nm gold films vapour dépd on a glass slide with
a 1-3 nm chromium adhesive layer on glass. Pri@very measurement, the disc
electrodes were rinsed with deionized water (ElgameRb Classic UV) and
ethanol (VWR International, Germany) and annealedaiflame (to oxidize
organic residues on the surface). The hot disce waoled gradually under a flow
of argon (Air Liquide Deutschland GmbH, GermanyheTevaporated gold film
was rinsed with deionized water and ethanol and@nafirds put into an
UV.TC.EU.003 UV TipCleaner (Bioforce Nanosciences;., Ames, IA, USA)
for 30 minutes.

Collagen adsorption was carried out in a protelatam (Collagen |, rat tail
in 0.02 M acetic acid, BD Biosciences, Germanyytedi in PBS (pH 7.4) to a
concentration of 0.1 mg mland at constant temperatufe= 4 °C. It has the
physiological pH-value (7.4) and an ion concentratand composition similar to
body fluids. It is prepared by dissolution of 8 @@ (Sigma Aldrich Chemie
GmbH, Germany), 0.2 g KCI (Karl Roth GmbH & Co, @any), 1.44 ¢
NaHPQ, (Scharlau Chemie S. A., Germany) and 0.24 g® (Sigma Aldrich
Chemie GmbH, Germany) filling up to 1 | in deionizevater. Alternatively, a
commercially available PBS mixture (P-5368, Sigmiriéh Chemie GmbH,
Germany) was used, that already contained all sattee necessary amounts.

The cleaned substrates were immersed into thdi@olior 10 min and
afterwards rinsed with water and dried under arjow. The experimental
parameters for the protein concentration and tirapeddent measurements of

collagen adsorption are listed in Table 8.
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Table 8: Experimental parameters for concentration-depenaethtime-dependent collagen
adsorption.

Concentration Concentration Time Adsorption time
dependence / pg mit dependence / min
Adsorption time 1 Concentration 2
=10 min 10 =100 pg/mi 5
100 10
20
3.2 Langmuir-Blodgett and Langmuir-Schaefer

Transfer of a DMPC bilayer

For the transfer of ordered lipid bilayers a comeradly available Langmuir
trough (KSV Instruments LTD, Helsinki, Finland) wased as schematically
illustrated in Figure 18. It consists of a rectaagureflon trough with movable
barriers on two sides. The surface pressure wasuregwith a Wilhelmy plate,
which is connected to an electronic balance. Ireotd transfer a monolayer the
substrate was attached to a dipper with an elewiotor. Depending on the
hydrophobicity of the substrate it was immersed the solution or withdrawn.

For Langmuir-Blodgett and Langmuir-Schaefer trarssfg,2-Dimyristoyl-
sn-glycero-3-phosphocholin (DMPC, Fig. 19) (Sigm&ir&kh Chemie GmbH,
Germany) as well as perdeuterated d54-DMPC (Sigihdaich Chemie GmbH,
Germany) (Fig. 20) dissolved in chloroform (Sigmédikch Chemie GmbH,
Germany) was used. The concentration of the lipitheé chloroform solution was

1.0 mg/ml.
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Figure 18: Scheme of the Langmuir trough used in this thésigapted froni *°%)
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Figure 19: Lewis structure of 1,2-Dimyristoyl-sn-glycero-3-muphocholin (DMPC).
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Figure 20: Structure of per deuterated d54-DMPC.

Before every experiment, the trough and the barierre cleaned
thoroughly. First they were rinsed with deionizedter and ethanol. Then it was
swept with a tissue drenched in chloroform followmsdrinsing with ethanol and
water. The Wilhelmy plate was cleaned by sprayingith ethanol and flame
annealing. Small Teflon parts like substrate hadeere cleaned for 20 minutes
in a UV.TC.EU.003 UV TipCleaner (Bioforce Nanosaens, Inc., Ames, IA,
USA). The trough was filled with deionized watertilrthe water level rose
slightly above the trough borders. The water serfaas cleaned, by moving the
trough barriers together and subsequently siphooifihgf the surface water layer.
The cleanliness of the water was checked by thesumnement of the surface

pressure at the air water interface. If the surfa@ssure increased by more than
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0.6 mN/m upon compression of the surface, the algaorocedure would have to
be repeated. After retraction of the barriers ttwaigh was ready to start the
experiment. A few microliters of the DMPC solutiosere dropped onto the water
surface. The system was left for 10 minutes to exatp the chloroform. Finally,
the barriers were slowly closed (10 mm/min) and theface pressure was
measured in dependence on the surface area. Ifritnepuwere present on the
surface, the Langmuir isotherm would show irregti&s.

It is not possible to transfer a lipid bilayer orgogold substrate with the
Langmuir-Blodgett methof'®®.. Instead a combination of the Langmuir-Blodgett
and Langmuir-Schaefer techniques was used. Theldiysr was transferred at a
surface pressure= 42 mN/m with the Langmuir-Blodgett technique. fuis the
substrate was immersed into the trough prior teagting the DMPC on the water
surface. After formation of an ordered monolayetlmsurface, the substrate was
slowly (5 mm/min) withdrawn from the water phaséeTDMPC monolayer was
transferred with its hydrophilic head groups orgghtowards the substrate surface
(Fig. 21). After drying under argon flow for oneurdo remove traces of water in
the monolayer the sample was ready for the transffehe second layer. The
Langmuir-Schaefel 1°, or horizontal touch, technique was used to temsfe

second layer (Fig. 22).

|
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Figure 21: Langmuir-Blodgett technique. (adapted frot)

For the Langmuir-Schaefer technique an ordered DMRfholayer was
formed atz = 42 mN/m at the water surface of the Langmuir glauThen the
sample obtained with the Langmuir-Blodgett techriguas carefully positioned
parallel and close to the water surface (Fig. 2Rajvas slowly lowered until
contact with the surface occurred (Fig. 22b). Afedraction a bilayer was formed
on the substrate (Fig. 22c,d).
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Figure 22: Langmuir-Schaefer techniqua) The substrate monolayer is positioned parall¢hé
water surface with an ordered monolayer on it.f¥) & Substrate and water surface are brought

Entz contact followed by immediate retraction o€ thubstrate. d) Formed bilayer. (Adapted from
10
)

3.3 Preparation of TiO ,C, Surfaces

The TiQC, surface used in this thesis were produced by E€dRnediger
from the Technical University Munich®”. Titanium plates were electropolished
in 40% perchloric acid mixed with methanol and bytthanol. The applied bias
was 60 V. A ca. 60 nm thick oxide layer was fornoedthe polished surface by
anodic oxidation in 0.1 M 8O, at 60 V for 10 minutes. The freshly prepared
surfaces were transferred into an oven and anneal&80 °C for 1 hour in an
argon atmosphere. To introduce the carbon intoothée layer 0.1% &H, was
streamed over the surface for 5 min. After thatstple was annealed at 850 °C
for another hour, followed by a slow cool down. Tiesulting films are not
carbon-doped (which would happen at lower tempeeatu'®®) but instead a
carbon rich Magnéli-typE'® phase with semi-metallic properties is form&d.

34 Ellipsometry

For ellipsometric experiments a ,real time speaopsc rotating compensator
ellipsometer” (RTSRCE) (Fig. 23) was used. A formmapresentation of this
system can be constructed with the help of Stokesors and Mueller matrices.
The stokes vectof describing the incident light is transformed te t8tokes

vector$; of the transmitted light by the following equatidi:

S: = My RCAMsR™ (CYMR(C)R™(P)MpS;;, (46)
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where M,, M5, M, and M, are the Mueller matrices of the analyzer, the damp
the rotationg compensator and the polarizer. Thdatiom matrices
R(4),R~1(C),R(C) andR~1(P) perform the transformation & from a frame of
reference to another. The used system is a modibetmercially available RCE
system (Horiba Jobin-Yvon, France). The beam pathtains a polarizer, a
rotating compensator (a quarter wave plate madguaftz), a sample and an
analyzer. A 75 W xenon lamp was used as a lightceolA spectrometer model
CP140 from Horiba Jobin-Yvon (France) with a CCDed&or (charge coupled
device) was applied for the signal detection. Tdetup allows the recording of
ellipsometric data in the 400-800 nm spectral radgdeoptical components are
computer controlled via a serial RS 232 port.

Xe lamp spectrometer

rotating
compensator

analyzer

[ sample |

Figure 23: Setup for an ellipsometric experiment.

To perform electrochemical and ellipsometric measwnts simultaneously, a
specifically designed electrochemical cell was useét (Fig. 24). This cell, with
a volume of ca. 100 ml, has three windows madeuaftq glass, two of which
allow a light beam to pass at an angle of incidesfo@6°. The middle window is
used for precise positioning of the cell. The thedectrode setup consists of a
gold covered glass slide as the working electratil&)( a platinum mesh as the
auxiliary electrode (CE) and a Ag|AgCIl|3M KCI redace electrode (RE). The
electrodes are connected to a Radiometer PGP 2fehtpstat/galvanostat. The
experimental data are recorded at the analoguaibbypa data acquisition device
(National Instruments PCI-6221) and digitalized farther processing with a

computer.
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Windows
Figure 24: Electrochemical cell for ellipsometry.

Before any measurements were conducted the positittre sample and the exact
angle of incidence was determined with a goniomé&terestimate the signal-to-
noise ratio of the device, spectra were recordedetvat the same spot. Also
anisotropic effects were ruled out by rotating th@&mple by 90° between
measurements. A 3x3 ellipsometry image was recommetieck the homogeneity
of the adsorbed collagen film (Fig. 25).

OB
SO@O®
@ O &

Figure 25: Principle of ellipsometry 3x3 image measuremente $ingle spots are marked and
numbered.

34.1 Data Evaluation and Used Models

Ellipsometry is a so called indirect technique, ilee desired information is
not directly obtained from the measured data butitbgg this data to an optical
model.

The experimental data was fitted with the Delta Bfitware (Horiba
Jobin-Yvon France). Three kinds of optical mode&savemployed. Two of them
were built as a three-layer-system (F2fa,b). The substrate was an infinitely
thick gold layer, followed by a thin homogeneoudiagen layer and an infinite
water bulk layer . The difference between the twodets was the upper bulk
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material. One model used air, the other one wéiténhis model would be fitted
without additional information, nine parameters responding to the layers’
thicknesses, refractive indices and attenuatiorfficants would be unknown.
The third model had infinite gold substrate and ewabulk layers. But the
interface layer was built of a mixture of proteindawater with a variable ratio
(Fig. 26¢). This model would use ten parameterse for the three layer materials
and an additional one for the interface layer ré@iome parameters were available
from literature (Tab.9). This significantly reduced the number of figfin
parameters and increased the accuracy of the .ré$oNvever, using literature
values always introduces a potentially big syst@madrror, because the

experimental conditions are usually not the sami@rathe experiments presented

here.
3) b) 0)
Air d,; N, Water Water
Collagen layer|d; N, [ Collagen layer //M/// :\;‘;/Xeerd
Gold dg; N, Gold Gold

d = layer thickness

N=n+ik
refractive index
Figure 26: Optical models used to fit the data of the ellipstrtmexperiments.

Table 9: Components of the optical models used to fit ellipstric data and their corresponding
fitting parameters

Material Parameters Note
Gold, Air, Water Thickness Infinite
Dielectric function Software Databadé'?
Collagen Thickness Fitted
Refractive index 1.421113
Attenuation coefficient 0 (transparent film)
Ratio (Collagen/KO) Fitted
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3.5 Polarization Modulation Infrared Reflection
Absorption Spectroscopy

PM-IRRAS measurements were carried out with a Brukertex 70 IR
spectrometer (Bruker Optics, Ettlingen, Germanyam® modulation was realized
with an external PMA 50 module (Bruker Optics, iBtgen, Germany), which
contains a photoelastic modulator model 11/ZS50n{si Instruments, Hillsboro,
USA), a DSP lock in amplifier model SR830 (StanfdRésearch Systems,
Sunnyvale, USA) and a D313/BQ MCT detector withidrarfluoride windows.

photoelastic
modulator (PEM)

IR source 'H

polarizer

detector

Figure 27: PM-IRRAS setup, including the spectroelectrocheiiedl (upper right part).

Sample holder and detector are movable to adjesatigle of incidence of
the IR beam. All spectra were recorded with a egm 4 cni. If not mentioned
otherwise, an averaging of 2000 spectra was dame half wave retardation was
set to 1600 cmto analyze the amide | band region of the proasid it was set to
3000 cni* for CH-stretching and amide A/B modes.

-43 -




Processing and evaluation of the recorded specas realized with the
OPUS software version 5.5.1 (Bruker Optics, EttimgGermany). Additional
visual basic macros were used to calculate therbbsoe spectra and for baseline
and intensity correction. The deconvolution of sedd bands was carried out with
the method described by Singh employing second order derivatives after 8
point smoothing. The position of band componentdeiermined by the minima
of the second order derivative of the PM-IRRA speut in the band region.
Besides the band positions three more parameters used: the band height
(intensity), the band width and the band shape.béEmel heights and full widths at
half maximum (FWHM) were allowed to vary freely tvithe limitation, that all
bands had to be similar in width. The band shapgdcbave both Gaussian and
Lorentzian components.

A specially designed spectroelectrochemical ceily.(R8) was used for
measurements at the substrate/electrolyte interfdus cell allows for a potential
to be applied at the sample surface during spexipss measurements. After
insertion of the collagen-covered gold sample atichg of the cell with the
electrolyte (NaF solution in f@) it could be purged with argon to remove oxygen
from the electrolyte. The electrolyte contained thal/l sodium fluoride due to
solubility problems with the used Bafprism. Deuterated water was used to
minimize the interference of water absorption bandk the vibrational bands of

the sample.

Reference
) electrode
Working Counter

electrode/
sample electrode Jl

Prism

N

Figure 28: Spectroelectrochemical cell for thesitu PM-IRRAS experiment.

Additionally, the spectroelectrochemical cell hadlass mantle that could
be used to control the temperature of the solufidost experiments concerning
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this thesis were conducted at room temperatu)g {ab.10). Because of thatt

iIs chosen as the temperature of reference for ewpets under controlled
temperature, although it has no physiological ingrure. The experiments were
performed at the following temperatures: at 37 "¥cduse it corresponds to the
normal body core temperature of humans, whichbetsveen 36.5 and 37 °C. At
43 °C, the human body breaks down due to protematdeation. Additionally,
Paynel ™ found this to be the temperature at which collaigeaqueous solution
irreversibly denaturizes to gelatine. The last terajure level at 50 °C was
chosen as a situation in which the collagen wasipated to have lost its tertiary

structure completely.

Table 10: Temperature values and their meaning for experiah@ohnditions

Temperature / °C Note

Room temperature (rt) Standard condition for mospeements

conducted in this thesis

37 Body temperature
43 Partial denaturation of collagen in solutidn
50 Upper reference, complete denaturatidn

The spectroelectrochemical measurements were daoug¢ using either
fixed potentials or a potential program (Fig. 28), which the sample was
pretreated for 120 seconds at a given potentiabrbefecording the spectrum.
Three different potentials were used for this pangr-0.8 V, 0.0 V and 0.4 V vs.
Ag|AgCI. The extreme values give the range at withehgold electrode could be
used without electrolysis of the electrolyte whikt 0.0 V the system was

basically allowed to relax.
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Figure 29: Potential program for spectroelectrochemical expenis.

3.6 Electrochemical Experiments

For electrochemical measurements a three electeu with a gold wire
as counter electrode, a silver silver chloride nexiee electrode (Ag|AgClI|3M
KCI) connected to the cell via a salt bridge argbll disc electrode connected as
working electrode to a CH 660a potentiostat (CHrimaents, Austin, USA) was
used. The working electrode was employed in thgingrmeniscus configuration
1151 (Fig. 30). The electrode was slightly retracteahrfrthe electrolyte surface.
Thus, only the modified surface was in contact witl electrolyte solution and
edge effects were avoided. For all electrochemiegberiments conducted
throughout this thesis, the cell was closed and puaiged with argon to remove
oxygen from the electrolyte solution.

Potentiostat
RE

to reference Au working Au coumer
T electrode elecirode electrode
(AgCl)
Ar

Figure 30: Schematic representation of the hanging meniscaofgemation for capacitance and
charge measurements.
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3.6.1  Alternating Current Voltammetry

In the AC voltammetry a linear DC sweep is supeosga with a fast
oscillating AC signal (Fig. 31). Because the fragueof the AC signal is higher
than the step rate of the linear DC sweep, the D@rpial Epc sets up surface
concentrations that appear as bulk concentratmtiset AC signal. As a result the
AC current in dependence dfbc and the phase difference between the AC
currents and the applied AC signal are measure@. mhin strength of this
technique is the precision of the information abeldctrode processes it can

yield.

potential

time

Figure 31: Scheme of the excitation signal for linear sweepvdammetry

The application of AC voltammetry for the calcutatiof the capacitance is
based on the requirement that the experimentapdae¢haves as a series of a
resistor and a capacitor (Fig. 32, righBs represents the resistance of the
electrolyte andCy is the capacitance of the electrochemical doulalgerl
Compared to the equivalent circuit of an ordinadsctochemical reaction (Fig.
32, left) no electrochemical reaction takes plate¢ha electrode surface. This
means that the charge transfer resistaRgds infinitely large. The electrode
behaves ideally polarizable over the potential eanfjthe experiment. For the
systems that are analysed in this thesis the medelt exactly true at the edges of

the potential range due to water electrolysis.
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Figure 32: Equivalent circuit for an electrochemical cell {Jednd the and the equivalent circuit
descibing AC voltammetry experiments (right).

With the in-phase current, and the out-of-phase curreit; the specific

capacitance of the double layer can be calculatdédthe following equation:

2 2
lintlout

C, =
al ™ 212, 0.63662E f A

(47)

whereE andf are the amplitude and frequency of the AC signdlAis the
contact area of the electrode with the electrolyte.

3.7 Surface Plasmon Resonance Experiments

For SPR measurements an Autolab Esprit Instruntesd Chemie, Utrecht,
Netherlands) was used. The instrument is equipgddan open cuvette system
of 20-150 pL sample volumé®® 1171

Before every measurement the hemispherical bocatgliprism was cleaned
with water and isopropanol. An oil with the saméaetive index as the prism
was applied to the prism and the sample was degbsiith the glass side on the
oil covered prism. This prevents an air-filled dagiween the prism and the glass
slide. The presence of a gap would make the optieadel of the setup more
complex. Both were transferred to the measurenmahtwhich was filled with 25
pl of the PBS solution. The plasmon was localizetha reflectivity minimum.
The system was left for 30 min to reach equilibrivfter that 25 pl of 0.2 mg/ml
collagen solution in PBS were added for an ovarallagen concentration of 0.1
pg/mil.

The resulting SPR spectra were fitted with the lfresvailable Winspall
software in order to obtain the thickness of theoalded collagen film. The optical

constants used for the fitting process are listetable 11.
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Table 11:Optical parameters used to fit the SPR spectra.

d/nm n k
glass o* 1.52 0
gold 50 0.194 3.664
collagen X 1.42 0
water 0* 1.33 0

* a thickness d = 0 is interpreted by the softwasean infinitely thick layer.
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4 Results

4.1 Collagen-coated Gold Surfaces Characterized in
Air

The dependence of the adsorption of collagen fibmghe adsorption time
and on the collagen concentration in the bulk smtutvas determined. PM-
IRRAS at the gold|air interface was used to folltwe adsorption process.
Considering the structure, size and flexibility adllagen molecules, it can be
assumed that they do not form ordered layers oorface. The extent of this
inhomogeneity and the reproducibility of the fillworination were investigated by
means of PM-IRRAS and ellipsometry. All the anadysas done in air.

4.1.1  Time-Dependence of Collagen Adsorption on Gol d

The influence of the adsorption time on the fororatof stable collagen
films on gold surfaces was investigated. PM-IRRA&m were employed to
follow the collagen film formation for varying tirseof adsorption. Criteria taken
into account are the position and intensity of abtaristic amide bands and CH-
vibrational modes.

The spectral region from 3450 &mo 2800 crit (Fig. 33a) contains the
amide A and amide B bands at 3331"camd 3080 cil. The bands between 3000
cm® and 2800 cm originate from CH- and CH-stretching modes of collagen.
The PM-IRRA spectra in the wavenumber region froB@Q cm' to 1400 crit
(Fig. 33b) show the characteristic amide | and &nildbands centered at 1672
cm® and 1555 cr as well as the CHscissoring band at 1453 &miThe intensity
of these signals increases with the adsorption tinehe protein. Because the
amide | mode is about ten times stronger tharhalbther signals in the spectrum,
its intensity has the best signal to noise ratid aocordingly, is best suited for
quantitative analysis. The largest increase initbegrated intensity is observed
during the first minutes of collagen adsorptiong(R33, inset). The amide | band
intensity reaches a plateau after ca. ten minutadsbrption. This indicates a
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saturation of collagen on the surface. While theuddon of a saturation process
is reasonable, it is not easily possible to obtirface concentrations from IR
spectra because a doubled intensity does not reedgseflect the same increase
in adsorbed collagen. Other factors, like changetheé molecular structure or
molecular orientation, can influence the intensifyan IR band! > 8 |n
principle, this process could also be an equilioribetween adsorption and
desorption of collagen instead of a saturation,nbesurements of collagen films
stored in PBS for several hours showed almost 8e tf the amide | signal
intensity. If the collagen adsorption could be dést as an equilibrium, the
signal intensity should have been decreased dpeotein desorption. This result
is unexpected because earlier experiments condueittd other biomaterials
(titanium alloys) as substrate material indicateat some desorption does in fact

take placé* 34
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Figure 33: PM-IRRA spectra of a) amide A/B bands as well assiidtching modes and b) amide

I/ll bands and Chklscissoring mode of collagen films on gold afteffedtent times of adsorption.

The collagen concentration in the bulk solutioniggiadsorption was 0.1 mg/ml. The inset shows
the integral signal intensity of the amide | baadwarying adsorption times.
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4.1.2 Dependence of Collagen Adsorption on Gold on

the Collagen Concentration in the Solution

The dependence of the collagen concentration irbthie solution during
adsorption on the formation of adsorbed collagénsfiwas investigated. Figure
34 shows IR spectra recorded of collagen filmsrab$ed on gold from solutions
of various concentrations for 10 minutes in thecé region from 3500 crhto
2800 cnt (Fig. 34a) and from 1800 c¢hto 1500 crit (Fig. 34b). The integral
amide | band intensities were compared (Fig. 34iset). For the lowest
concentration (10 pg/ml, dash-dot-dot line) the demi and amide 1l signals are
very weak indicating that there is only few proteidsorbed on the surface.
Increasing bulk concentrations lead to an increddbe amide | band intensities
by 125.3% for 50 ul/mg (dash-dot line). If the centations 50 pg/ml and 100
pg/ml (dotted line) are compared, the signal intgnacreased by 22.5%. There
is a small but insignificant decrease in the indégmide | band intensity for
higher concentrations (250 pg/ml, dashed line, %1.6600 pg/ml, solid
line, -1.2%). The relative changes are given inegpondence to the amide | band
intensity obtained for the lower concentration ealNo peak shifts are observed.

If the results from concentration-dependent adsampand time-dependent
adsorption measurements are compared, both expgssieow a saturation level
for the amount of collagen that can adsorb on thld gurface. Higher collagen
concentration in the bulk solution, as well as lengmes of adsorption, do not
result in thicker protein films. The collagen filpreparation for all following
experiments was conducted from a bulk solution aittoncentration 100 pg/ml
and over a time period of 10 minutes. This shoddult in a film with the

saturation concentration.
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Figure 34: PM-IRRA spectra of collagen adsorbed on gold frawmlutions of various
concentrations in: a) the spectral region from 3660 to 2800 crit and b) the spectral region
from 1800 crit to 1500 crit. 500 pg/ml (solid), 250 pg/ml (dashed), 100 pgfhoitted), 50 pg/ml
(dash dot), 10 pg/ml (dash-dot-dot). The adsorpiime was 10 min. The inset shows the integral
amide | band intensities.
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4.1.3 Properties of Collagen Films in Air

The PM-IRRA spectra recorded of the collagen fiim&ir are shown in Figure
35 and Figure 36. The two bands at 3332'@nd 3078 ci can be assigned to
the amide A and amide B modes respectively (Fig. 85 comparison to the
literature values given in Table 4, both band pms# are shifted. The amide A
band is shifted to higher, the amide B band to fomavenumber§® % This can
be explained qualitatively by the different envinments of the collagen
molecules, namely dry films in air in this studydagissolved in aqueous solution
in the literature reference. Furthermore, the pwsitof the amide bands may vary
slightly depending on the investigated protein. Was&enumber region from 3000
cm* to 2850 crit represents the CH-stretching modes of the collagelecule.
The asymmetric stretching modes of £lnd CH-groups are located at 2929
cm* and 2964 cm and the symmetric stretching modes of;Cahd CH-groups
are found at 2878 cihand at 2858 cth

2929 cm’

3332 cm’’ v,s (CH,)
Amide A

2964 cm’”
v_(CH)

as

0.003 -

0.002

3078 cm”
Amide B

AU

0.001 -

I ' 1 x I i 1
3400 3200 3000 2800
Wavenumber / cm’’

Figure 35: The PM-IRRA spectrum in the amide A, B and CH-sfnétg region of collagen in air.
The molecules were adsorbed on gold for 10 min feprsolution with a concentration of 0.1
mg/ml. The spectra were recorded in air.

In the spectral region from 1750 @mto 1400 cril, three major IR
absorption bands are observed (Fig. 36). The stsirgpsorption band, centred at
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1672 cmi', originates from the amide | mode. In comparisonthe literature
values this band is blue shifted by ~20# ** The amide Il mode is located at
1555 cm® and is red shifted by 10 éhcompared to the literature values. The
weak absorption band at 1453 trappears due to the Gldcissoring vibration
(3(CHy)).

1672
Amide |
0.03
0.02
-}
<
0.01. 1555
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! | ' 1 ' I L 1
1800 1700 1600 1500 1400
Wavenumber / cm’

Figure 36: The PM-IRRA spectrum in the amide | and amide gioa of collagen. The molecules
were adsorbed on gold for 10 min from a solutiothvei concentration of 0.1 mg/ml. The spectra
were recorded in air.

The deconvolution of the amide | band was ambiguégsan example two PM-
IRRA spectra of the same collagen-covered surfacerded within two days
were compared (Fig. 37a). The differences can tibw@ied to the background
correction and slightly different experimental caiwhs (temperature, humidity).
The second order derivatives of both spectra (&ifp) show three major minima
corresponding to components of the amide | bandctwhgree well with the
results of Lazarev et d%?. However, the positions of the minima vary slight
for both spectra. The first spectrum (solid lin@sthree minima at 1637 ¢m
1673 cm® and 1698 cm. The second spectrum (dashed line) has three miatm
1640 cnt, 1674 crit and 1695 ci. Comparison of seven PM-IRRA spectra of
collagen films adsorbed on gold in air lead to folowing average peak
positions: 1696.1 cth+ 1.7 cm'; 1673.7 crit + 2.1 cm'; 1637.7 crit + 1.6 cm.

Peak shifts of a few cthlie well within the errors margins, thus largeifshof at
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least several cthare necessary to indicate changes in the statieeotollagen
film.

a) b) s
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Figure 37: a) Two PM-IRRA spectra of a collagen covered galdaces. The molecules were
adsorbed from a 0.1 mg/ml solution for 10 min. br@&d order derivatives of the spectra after 8
point smoothing.

The resulting bands after amide | band deconvaiugi@ shown in Figure 38 for
one exemplary spectrum. This fit used only the baosltions as fixed parameters
leading to an unreasonably small FWHM for the band698 crit. A physically
more reasonable fit is obtained if all bands hawweilar FWHMs (Fig. 39,
FWHM = 40 cm' + 2 cmi'). The margins were set in accordance with theltesu
of Lazarev et al'®. The band shapes were fitted with a mixed Loremtzind
Gaussian function. Purely Lorentzian band shappbydppically to molecules in
the gas phase, where the incoherence due to rmottid collisions plays a strong
role ¥ Gaussian band shapes on the other hand areyusoaiélated to solid
samples, where the relaxation of the excited statesirs before incoherence
becomes a significant factor. The application afized Gaussian and Lorentzian
band shape was sensible because the propertidsarbad collagen molecules lie
between a perfect solid state and a gas phaseugjththe band shapes tended to
have a higher Gaussian fraction, the shapes vaeedeen purely Gaussian and
purely Lorentzian. This occurred probably due tce thncertainty in the
background correction of the original spectra lagdb different band shapes and
the complex structure of the amide | band, whereaierence to simpler bands
was easily available. The average band intensity iategral intensity for the
three major amide | band components obtained froenRM-IRRA spectra of
seven collagen-covered gold surfaces after decatival are listed in Table 12.

The most significant difference to the deconvolutiesults of Lazarev et al%%
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(Fig. 17) is the weak band centered at 1696 ,cwhich they attributed to amino
acid C=0 groups H-bonded to water. However, fromIR-spectroscopic data no
explanation for the significant decrease in thegnal intensity of only one amide
| band component could be obtained. The strongastl kat ca. 1674 cmhis
attributed to C=0 groups that participate in ingidal H-bonds indicating that
the collagen molecules do not denaturate duringratisn. The band around
1638 cnt is correlated to imino acid C=0O groups (like Pr aHyp), which
would be H-bonded to water in an aqueous environnidre slight differences in
the original spectra, due to different experimegtaiditions and uncertainties in
the background correction, lead to relatively ladgeiations in the fit results of
the amide | band deconvolution. Because of thik hadative error in the analysis
of spectra with small differences, deconvolutiodl wnly be used in this thesis
when the amide | band changes significantly (s2el}l. The relatively large error
margins for the different fit parameters might aés@lain why, to the author’s
knowledge, no studies on collagen exist that tdkéhe fit parameters explicitly
into account for their amide | band deconvoluti®he sensitivity of ordinary IR
instruments might not be high enough to obtainaépcible and exact data of

complex molecules.

0.04 -
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Figure 38: Deconvolution of the amide | band of a collagenared gold surface. Only the peak
positions were used as fixed parameters for théfie band intensities, FWHMs and the mixed
Gaussian and Lorentzian band shapes were allowedryofreely. The solid line represents the
original spectrum, dashed lines correspond tohlheetmajor components of the amide | band and
the dotted plot is the sum of the single bands.
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Figure 39: Deconvolution of the amide | band of a collagenared gold surface. The peak
positions were used as fixed parameters and the $Wanged around 40 ¢hx 2cm. The band
intensities and the mixed Gaussian and Lorentzéardtshapes were allowed to vary freely. The
solid line represents the original spectrum, dasimed correspond to the three major components
of the amide | band and the dotted plot is the efithe single bands.

Table 12: Average fit Results for the amide | band deconvoiut

Band component position / em| Average intensity  Average integral intensity
1696 0.0023 +0,0022 0.131+0.134
1674 0.0514 £ 0.0156  2.488 £ 0.587
1638 0.0146 + 0.0054 0.753 + 0.324

Ellipsometry experiments were performed to deteenire thickness of the
adsorbed protein film. The experimental data wattedf with the three layer
optical model shown in Figure 26a. For ten samfilesobtained film thicknesses
varied betweentyi, = 3.1 nm andlyax = 6.7 nm with an averagh, = 4.8 nm *
1.8 nm. Additionally, a low resolution ellipsomeingage consisting of nine data
points (3x3) was recorded to estimate the variabdrfilm thickness on one
substrate (Fig. 40). The measured thickness otdflagen film varied between
4.4 nm and 6.8 nm with an average of 5.5 nm + 9 n

The average film thickness is higher than it wobkl expected for an
ordered monolayer of collagen molecules adsorbeagatiheir long axis (1.5 nm).

Together with the high variation of thicknessesddferent samples and also for
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different spots on one sample, the formation ofrdi@mogeneous protein film is
suggested. The molecules lie unordered on the caurfA good visualization
appears to be the image of spaghetti randomly strever a surface. Wolf-
Brandstettef **! was able to record atomic force microscopy imazfesdsorbed
collagen films on titanium surfaces and collagemetis on mica that agree very

well with these results.

@ @ @ 6.8 | 44 | 45

film thickness / nm

@@ | T |85|46|4s
@@@ 55 | 58 | 6.2

Figure 40: Film homogeneity of collagen on gold analyzed viadging” ellipsometry. The spots
on the left depict the nine positions of the lipeam.

However, the variability of the collagen film thioksses complicates the
comparability of results for different samples. Stmeans that absolute values
given in the following sections have to be consdewith some caution. Instead,
the focus of this thesis lies on the investigatadrthe qualitative behaviour of
adsorbed collagen films under the influence ofteleields.

After the determination of the parameters for tdeaaption of a collagen
film on the gold substrate, its stability was testBigure 41 shows the amide |
bands of a collagen film adsorbed on a gold surfacd0 minutes from a bulk
concentration of 100 pg/ml. One spectrum was resbrdirectly after the film
preparation (solid line) the other one was recoraféer about 3 weeks of storage
in air (dashed line). The amide | band was chosemaraindicator, because its
components can be linked to structural elementthefmolecule and the band
intensity allows qualitative deductions about timoant of the adsorbed protein
(Chapter 2.5.2). The spectra overlap, indicatirg the collagen films are very
stable in air over long periods of time and nodtral, chemical or orientational

changes occur.
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Figure 41: The PM-IRRA spectrum in the amide | region of ashig adsorbed collagen film
(solid line) and of the same film after 3 weeksstfrage in air (dashed line). The molecules were
adsorbed on gold for 10 min from a solution witbcacentration of 0.1 mg/ml. The spectra were
recorded in air.

4.2 Characterization of Collagen Films Adsorbed on

Gold in Contact with an Electrolyte Solution

In the next step the behaviour of the collagen fimcontact with an
electrolyte solution was studied. The most suitaialedidates would be solutions
with a composition and pH similar to body fluid&el a phosphate buffered saline
(PBS)! " & or simulated body fluid (SBF)!*?. Several arguments speak against
their use. The prism used in the spectroelectroste@measurements (Fig. 28) is
made of barium fluoride and starts to dissolvehia absence of fluoride ions in
the solution. Additionally, the adsorption of @ins from the solution on the gold
surface would interfere with electrochemical meamsents. Due to the strong IR
absorption bands of water in the spectrum it issagary to use IO instead of
H,O as the solvent. Moreover, ions present in the BBESBF solutions absorb
IR radiation and would complicate the analysis. §ha 0.1 M NaF solution in

water was chosen as the electrolyte solution.

-62 -




4.2.1 Properties of a Collagen Film on Gold in Cont  act
with an Electrolyte Solution at OCP

IR spectra of collagen films on the gold electradeface in contact with
electrolyte (NaF/BO) were recorded at OCP (open circuit potentia, \0.vs.
Ag|AgCI|3M KCI). Figure 42 shows the PM-IRRA specin the region from
1750 cm' to 1400 crit of a collagen film in the electrolyte solution &ied line)
in comparison to a dry sample (solid line). Thee¢éhcharacteristic bands in this
region are present: amide | at 1657 gnamide Il at 1568 cth and CH-
scissoring vibration at 1463 émThe amide | band in contact with electrolyte is
red-shifted by 15 cihcompared to a dry film. The amide Il band is blhéted
by 10 cm and the Chscissoring mode by 11 éhit was noted earlier, that the
positions of these bands for dried samples do poicde with the positions
found in the literature, where collagen was analyiresolution! ** °*¥ The band
positions of collagen in contact with the electtelysolution exactly fit the
literature values. This can be explained by the&tyoh of the collagen molecules
in the film. H-bonds formed between the amide C=@ avater reduce the
strength of the C=0 double bond and decreasesnige needed to excite the
vibration. This shifts the amide | band to lowerveaumbers. The formation of
H-bonds also shifts the NH bending modes to hidfeeuencies .

The same analysis is not possible in the speagibn from 3500 cih to
2800 cnt. Figure 43 shows the PM-IRRA spectrum in this oagior a collagen
film in contact with the electrolyte. The signahtoise ratio in this region is much
lower compared to the amide | band. The only baatl ¢an be distinguished here
is the amide A band centered at 3332'cifihe amide B band, expected at 3082
cm?, is not visible in the spectrum. The CH-stretchingdes, present between
3000 cnt and 2800 cifl, have a very irregular shape. The sensitivityhef PM-
IRRAS appears not sufficient to obtain reasonaffiermation from these signals.
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Figure 42: PM-IRRA spectra of the amide I/ll region of a cgke-covered gold surface in
contact with air (solid line) and in contact witte@rolyte (dashed line). The molecules were
adsorbed on gold for 10 min from a solution wittoacentration of 0.1 mg/ml.

3332
0.0030 -
2977
2946

0.0015 - Gt
2
<

0.0000 -

] ' ] i 1 v 1 v I v I ' I ’ I !
3500 3400 3300 3200 3100 3000 2900 2800
Wavenumber / cm’’

Figure 43: PM-IRRA spectra of a collagen-covered gold surfecceontact with electrolyte. The
amide B band (3080 cfy is not visible. The CH-stretching modes (2850"¢8000 cnt') are
distorted. Only the amide A band (3332 9nis distinguishable. The molecules were adsorbred o
gold for 10 min from a solution with a concentratiof 0.1 mg/ml.

The deconvolution of the amide | band results nee¢hmajor band components at
1632 cnit, 1658 cmt and 1684 cil (Fig. 44). Their positions and intensities
agree much better with the results of the decorwiuconducted by Lazarev et

al. 1% compared to the deconvolution of the amide | baina dry collagen film
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on gold. Deviation of the peak positions by a few'cnd differences in the peak
intensities are within the limits of experimentahcertainty as shown above
(4.1.3). These results indicate that the collageheoules adsorbed on the gold
surface in contact with the electrolyte solutioe ar the same state of hydration

and conformation as collagen in solution.
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Figure 44: Deconvolution of the amide | band of a collagemfddsorbed on gold in contact with
the electrolyte solution. The solid line shows thiginal spectrum, dashed lines correspond to the
three major components of the amide | band andiditted plot is the sum of the single bands. The
molecules were adsorbed on gold for 10 min froralat®n with a concentration of 0.1 mg/ml.

SPR measurements provided the thickness of thagasil film adsorbed on the
gold surface in contact with the PBS solution. Bor different samples the
obtained thicknesses of adsorbed collagen fiimgedrfrom 2.7 nm to 5.6 nm
with an average of 4.3 nm £ 1.1 nm (Tab. 13). Thedees are comparable to the
thickness of dry collagen films on gold as deteedirby ellipsometry above.
Again, the variability of the results points to tf@mation of inhomogeneous

films with partial surface coverage.
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Table 13: Thicknesses of collagen films adsorbed on goléases in contact with the electrolyte
solution. The results were provided by SPR measenésn

Sample number Thickness of collagen film /nm
090918 1400 2.7
090918 1535 3.5
090918 1720 4.8
090921 1823 4.1
090923 1228 4.9
090923 1434 5.6

4.2.2 Capacitance and Ellipsometry Measurements of

Collagen Films on the Gold Electrode Surface

The capacitance of the electrochemical doublerlayéhe gold|electrolyte
interface was measured for an unmodified, clean gb¢ctrode (Fig. 45, solid
line) and for a collagen-covered gold surface (dddine). In the potential range
from 0.4 V to -0.7 V the collagen-covered sampleveha significantly decreased
capacitance. The insulating collagen layer on thréase decreases the thickness
of the electrochemical double layer and reduces cidggacitance of the gold
surface. At potentialg < -0.7 V the capacitances of both samples startict@ase
strongly. This is an artifact introduced by the etnef HO electrolysis. If the
results are compared to other biomimetic systenhs;tware applied in research,
e.g. lipid bilayers *?* *22I(Fig. 45, dotted line), some differences are oleskr
The capacitance of a collagen-covered gold eleetr®da. 20 uF/cm2. Compared
to a transferred lipid bilayer (2-5 uF/cht2Y) this indicates that the collagen film
does not completely cover the gold surface. It appéess homogenous with
defects, which allow the incorporation of the elelgtte into the film. Another
important difference is that the capacitance obleagen-covered sample does not
coincide with the capacitance of an unmodified atefat potential& < -0.7 V.
Both plots behave independently in almost the wipolential region and overlap
only aroundE = -1.0 V, when the pD electrolysis starts. For a lipid bilayer
adsorbed on gold, a potential exists at which thgacitance suddenly changes
and starts to resemble an unmodified gold surfdé8. This is attributed to a

complete desorption of the bilayer from the elettrcurface. Because collagen
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does not show this feature in its capacitance auitvean be concluded, that no
potential-induced desorption takes place.
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Figure 45: Capacitance of an unmodified gold surface (sole)liand a collagen covered gold
surface (dashed line) in 0.1 M NaF solution. Thdemwles were adsorbed on gold for 10 min
from a solution with a concentration of 0.1 mg/ml.

Ellipsometry enablesn situ and real time observation of the sample
immersed in the electrolyte solution by fitting tbeperimental data to an optical
model. The fitting procedure introduces severalapaters. Each parameter is
associated with a statistical uncertainty but alsthh potential systematic errors,
because the physical model only approximates tmeptax structure of a real
sample. More complex systems need more parameatetbdir description (see
Fig. 46a-c). It can be said that the more parametersised for the fitting the
higher the statistical uncertainty of the resuHence, the number of introduced
parameters should be kept to a minimum requirecflect the essential sample
properties. This can be done either by choosing tid simplest possible models
or by determination of some parameters by indepanebgeriments, or literature
values. The fitting process itself is limited ia frecision, too.

Two sources of systematic errors arise when dealitig very thin films in
the monolayer or sub-monolayer range. The systemsepted so far assumed
homogeneous layers. However, sub-monolayer systdmsnot fulfil this
assumption (Fig46d). This means that conventional data treatmentidvresult
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in a film thicknesd. lower than the molecular diameter (Fife). A different
approach uses a mixed interface layer consistirtheofilm material and the bulk
material (Fig. 46f). The ratio between the two comgnts describes how much of
the substrate surface is covered with the film. $heond problem is, that the
resolution of the instrument is not high enougllétermine botld andN. Instead
only the producdN can be deduced. For transparent fillhs=(0) this product

becomesin, which is often referred to as the optical thickne

a) b) C)
Bulk layer |d,; N,
Bulk layer |d,; N, Bulk layer d,; N,
Interface layer|d; N
Substrate | d,; N, Substrate [d.; N,
d) e)
d = layer thickness
Bulk laver Bulk layer
y N=n+ik
O O O d. N, refractive index
Substrate Substrate
f)
Bulk layer
LTI s
layer
Substrate

Figure 46: a)—c) increase in parameters for more complex aptimdel systems. d) a sub-
monolayer system and possible solutions for modedinand f). €) has an effective layer thickness
desr Smaller than the molecular diameter. f) introduzesixed layer with variable composition.

In Table 14 the results of the situ ellipsometry experiment are given. The
error values in this table correspond to the fittprocess and describe the range
of values that would fit the tolerance margin oé tboftware.x? indicates the
difference between experimental and calculatedesur¥he data evaluation was
carried out with the help of two different opticadodels. The first model is
composed of a three layer system similar to thestithtion in Figure 46¢. Upon
immersion of the collagen-covered gold surfacetkiiekness of the film seemed
to decrease from 6.3 nm in the dry state to 2.5Tms would indicate desorption
of the collagen from the gold surface. Interesyngafter removal of the
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electrolyte and drying of the sample the thicknelsthe protein film is 6.3 nm,
the same as at the beginning of the experimentcdh#&adiction of experimental
data and chosen optical model system lead to thelanment of the model
shown in Figure 46f, consisting of bulk electrolygad substrate layers and a
mixed protein-electrolyte layer at the interfacaeThickness of the collagen film
was assumed to be constant and equal to 6.3 nnmau$ecno substantial
desorption took place. Thé values corresponding to the fits of both mode¢s a
comparable but the second model is physically measonable. With the help of
this model, the experimental data can be explas®dn incorporation of the
electrolyte into the protein film.

Ellipsometric results correspond well to the PM-KRRanalysis presented
above. The increased hydration of the collagen cutds due to the incorporation
of the electrolyte solution into the protein filmpdains the shifts of the amide |
and amide Il bands. In conclusion, IR spectroscamd ellipsometric data
support the model of a disordered, porous colldiy@non the substrate that, upon

contact, incorporates the electrolyte solution.

Table 14: Comparison of two models used to determine colldty@nproperties for a wet and a
dry sample

Optical Model d/nm X2 Electrolyte content / % Volx?
Three layers 6.3£0.2 1.03 - -
dry (Fig. 46¢)

Three layers 25+03 0.26 - -

in electrolyte

Mixed interface layer | 6.3 - 37.1+4.6 0.27
in electrolyte (Fig. 46f)

4.2.3 Stability of Collagen Adsorbed on Gold in Con  tact

with an Electrolyte Solution

Two spectra were recorded in the spectroelectromdaroell directly after

filling the cell with the electrolyte and after alio300 minutes at open circuit
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potential (OCP). Figure 47 shows the amide | bawidboth spectra. They are
overlapped. Ellipsometric measurements at OCP gmowignificant change in
the electrolyte content within the film over tintad. 48).
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Figure 47: Amide | band of a collagen film on gold before {ddine) and after (dashed line)
storage in electrolyte solution (NakM) for ca. 300 min. The molecules were adsorbedhen
gold surface for 10 min from a solution with a centration of 0.1 mg/ml.
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Figure 48: Stability of the electrolyte content within a cgén film at OCP over time. The
molecules were adsorbed on gold for 10 min froralat®n with a concentration of 0.1 mg/ml.
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4.2.4  Stability of the Collagen Film on Gold in the
Electric Field

PM-IRRA spectra of a collagen film on gold in carttevith the electrolyte
solution were recorded in dependence of the apjplatdntial. Figure 49 shows a
stacked plot of amide | bands recorded using thternpi@al program depicted in
Figure 29. A potential range frolb= 0.4 V toE = -0.8 V (vs. Ag|AgCI|3M KCI)
was covered. Interestingly, all spectra are oveedp (Fig. 49, inset). This
indicates that no desorption of collagen molecales no structural changes in the
protein molecule or changes in its hydration ocdire collagen molecules and
the formed collagen film appear very stable in aohwith the electrolyte solution

and under the influence of applied potentials.

T T T T
1700 1650 1600 1550

Wavenumber / cm™

Figure 49: Amide | band of a collagen covered gold electrad@.4 V (solid) and -0.8 V (dashed).
The time between the recording of the spectra wasih. The inset shows an overlap of all
spectra. The molecules were adsorbed on gold fanibOfrom a solution with a concentration of
0.1 mg/ml.

However, capacitance measurements of the collageered gold electrode
indicate a potential-dependent change in the prdilen. The capacitance of the
gold electrode was measured before modificatiorectly after adsorption of a

collagen film and after applying the potential marg (Fig. 50). The protein
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adsorption is accompanied by a capacitance draa.t@0 uF/cm? (dashed line).
Negative and positive potential steps lead to agbaf the capacitance curve of
the collagen-covered gold sample to resemble morenanodified gold electrode
(dotted line). This means, that the electrolytausoh comes to some extent in
direct contact with the gold surface. Because nanghs of the collagen film
thickness and structure during this process arergbd, these results also support
the model of a porous an inhomogeneous film tiiet,d sponge, incorporates the

electrolyte.
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Figure 50: Capacitance curves of an unmodified gold elect{sdéd) in comparison to a collagen
covered one before (dashed) and after (dotted)yegpkhe potential program. The molecules
were adsorbed on gold for 10 min from a solutiothvai concentration of 0.1 mg/ml.

Ellipsometry measurements provide the electrolytetent in the collagen
film in contact with the electrolyte at various entials. Figure51 shows two
exemplary data sets. In one case the experimenédtat the OCPH = 0.2 V)
and the potential was switchedEo= 0.4 V (solid line) and in the other case the
potential step was fronkE = 0.4 V toE= -0.9 V (dashed line). The collagen
electrolyte ratio ate = 0.4 V does not coincide for both samples, dught
collagen film inhomogeneity. A response of the enmotelectrolyte ratio to the
potential step is observed within seconds. Formi@s higher than the OCP, the
electrolyte content in the film decreases. It iases at lower potentials. The
electrolyte content stays constant as long as ataonpotential is applied. This
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effect is reproducible. Figure 52 shows the resaftan experiment where the
potential was switched several times betwEen 0.4 V andE = -0.9 V. Every

time the potential is changed the electrolyte cainie the film changes as well.
There appears to be some degradation of the filduded by the potential
changes, because this behaviour is not complegslgrsible. This corresponds
well with results of the capacitance measuremeh#s showed an increased
capacitance of a collagen covered gold electrotd ekperiments with changing
potentials. The potential-dependent change ofrtberporated electrolyte solution

in the collagen film has, to the author’'s knowledgever been observed before.
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Figure 51: Collagen film response to applied potential. Thiédstine shows the step from the
OCP to a potential of 400 mV vs Ag|AgCl|3M KCltat 8 min. The dashed line corresponds to
the step from 400 mV to -900 miv= 10 min. The molecules were adsorbed on goldléomin
from a solution with a concentration of 0.1 mg/ml.
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Figure 52: Ellipsometric results showing the content of elalgtle solution in the collagen film
for one sample during several consecutive potestieps between 0.4 V and -0.9 V. Grey bars
show the average electrolyte solution content dudne step at 0.4 V, black bars the average
electrolyte solution content during one step aB-\0. The single data points are also plotted. The
molecules were adsorbed on gold for 10 min froralat®n with a concentration of 0.1 mg/ml.

Furthermore, investigations of the dependence @felkctrolyte content in
the collagen film on the applied potential wereriear out. A triangular potential
wave (Fig.53, dashed line) was applied to the collagen coverdd glectrode.
The upper and lower limits of the potential rangeravthe same as for the
experiments before (0.4 V to -0.9 V). The ellipstryespectra documenting the
film response were recorded and processed withmilked interface layer model
(Fig. 46f) to obtain the relative collagen contémtthe interface laye(Fig. 53,
solid line). This plot shows clearly that the etebtte content in the collagen film
increases if more negative potentials are apphAggblication of potentials higher
than OCP leads to a decrease of the electrolyteigbm the film.

In conclusion, it was shown that a collagen filns@dbed on gold exhibits a
surprisingly dynamic behaviour under the influelméean applied potential. The
electrolyte content in the interfacial protein filchanges with the change in the

applied potential. However, at a constant poteltaithe range -0.9 V — 0.4 V) no
changes occurred over time.
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Figure 53: Dependence of collagen ratio (solid) on the apppetential (dashed). A triangular
potential was applied to a collagen-covered goldase with a scan rate of 1.5 mV/s. The
molecules were adsorbed on gold for 10 min froralat®n with a concentration of 0.1 mg/ml.

4.2.5 Model for the Behaviour of a Collagen Film on
Gold under the Influence of an Electric Field

The experimental results allow to present the falhg model of a collagen
film adsorbed on a gold surface (Fig. 54). This slocdonsists of a strongly
adsorbed collagen film that is stable, but porond smmhomogeneous in a dry
environment. Upon contact, the electrolyte is ipooated into the film. The film
stability is not changed and neither desorption siwuctural changes in the
collagen molecules occur after hours of immersida the electrolyte solution. A
dynamic behaviour is observed only under the imitgeof a changing potential.
If a potential is applied to the system that ishleigthan the OCP (0.2 V vs.
Ag|AgCI|3M KCI. This potential is chosen as theerehce point, because it
describes a system without an applied bias.), lbetrelyte content in the film
decreases. The electrolyte content increases tenpals lower than OCP. At a
constant potential the system reaches an equifiband no further changes occur.
Removal of the collagen-covered gold electrode ftbm electrolyte and drying

resulted in the reconstitution of the original dtgite.
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Figure 54: Model of a non-desorbing collagen film on gold. Tdlectrolyte content within the
film may change depending on the applied potential.

4.2.6  Thermal Stability of Collagen on Gold

All experiments described above were performedoatr temperature. In
order to study the structure and stability of dagen film under conditions that
resemble physiological systems more closely, erpants were carried out at the
following temperatures: 37 °C, 43 °C and 50 °C. Hmide | band of the IR
spectrum was analysed. As mentioned before, chamgdkis band can be
correlated to structural changes in the proteinecuk.

Figure 55 shows the amide | bands of the PM-IRRéctp at the different
temperatures. The band positions do not shift Sagmtly even at the highest
temperatures. This is a surprise, because accotdihigrature the disintegration
of the triple helix accompanying the denaturaticows at 43 °C and should lead
to a redshift of at least 20 ¢hh*®. A plausible explanation of this abnormal high
thermal stability is due to the state of adsorbeliagen molecules. In solution
single molecules can move freely and the denaturadf the collagen triple helix
is not hindered. Adsorbed collagen on the othedhanmmobilized on the solid
surface and thus unable to unravel. The secondnaigm is that the intensities

of the amide | bands change significantly with tenapure. However, there is no
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correlation between the band intensity and the &atpre of the system and this
observation might be an artefact due to severaénpetl errors limiting the
sensitivity of the PM-IRRAS in the spectroelectrentical cell. For once, the
working distance between the prism and the goldasaris not completely
reproducible and may vary by several um. Additipnahermal expansion may
introduce an error. Another limiting factor is iotiuced by the data treatment.
The intensity of the amide | band was measuredfoollagen film, which

was kept at a certain temperature for a longeodesf time. The integral intensity
lo of the amide | band of the first spectrum is usedormalize the amide | band
intensityl of all following spectra. Th#lyratio at the four different temperatures
is plotted in Figure 56. Although there is somectilation of the normalized

intensities the values do not change much over. firhis indicates that the film is
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Figure 55: Amide | bands of four collagen films on gold in tact with the electrolyte solution at
rt (solid), 38 °C (dashed), 43 °C (dot) and 50 é@sh-dot). The molecules were adsorbed on gold
for 10 min from a solution with a concentrationOof mg/ml.

very stable and collagen molecules are unlikelgdesorb from the gold surface
independent of the given temperature. However pibtential program (Fig. 29) is
applied to the electrode, the normalized intend@greases at higher temperatures
(Fig. 57). This effect is strongest at 50 °C. Bawe37 °C andt there is no
significant difference. Additionally, a changingteotial is necessary to observe
the intensity loss. If the electrode is kept abastant potential, the amide | band
intensity does not decrease (Fig. 58). The restitsgly suggest a destabilization
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of the protein film leading to the desorption oflagen molecules from the gold
surface at 50 °C.

At room temperature the composition of the film,daprobably its
morphology, changes, due to incorporation of tieeteblyte. But no desorption of
collagen is observed. On the basis of these reshdtfollowing, plausible, but not
yet proven, hypothesis can be stated: The changasrong in a collagen film
under the influence of an alternating potential kegathe attractive interactions
between the collagen molecules and the gold syrthae enabling the proteins to

desorb more easily at higher temperatures.
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Figure 56: Amide | band intensity ratios of collagen on gold@CP over time for different
temperatures: rt (solid), 37 °C (dashed), 43 °Qtéd), 50 °C (dash-dot). The lines just act as a
guide to the eye. The molecules were adsorbed deah fgo 10 min from a solution with a
concentration of 0.1 mg/ml.
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Figure 57: Amide | band intensity ratios of collagen on goldhastepwise changing potentials
from -0.9 V to 0.4 V over time and for differentmperatures: rt (solid), 37 °C (dashed), 43 °C
(dotted), 50 °C (dash-dot). The lines just act amiide to the eye. The molecules were adsorbed
on gold for 10 min from a solution with a concetita of 0.1 mg/ml.
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Figure 58: Amide | band intensity ratios of collagen on gold58 °C for OCP (solid), 0.4 V
(dashed), -0.9 V (dotted), potential steps betwidrV and -0.9 V (dash-dot) over time. The lines
just act as a guide to the eye. The molecules wedserbed on gold for 10 min from a solution
with a concentration of 0.1 mg/ml.
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4.3 Studies on Collagen/Lipid Bilayer Films on the
Gold Electrode Surface

After the successful composition and characteoratif a model system for
a protein film on a biomaterial surface (Fig. 5%e next task was to find a
model system for the interaction of the proteimfiwith a cell membrane,
corresponding to the next step in the bio integrattascade (Fig. 1). Bilayers
composed of phospholipids, like DMPC, are a simghel well characterized
system, which mimic a cell membrane in its thiclyewater permeability,
bending rigidity, surface tension and viscosity?> *¥ (Fig. 59b). Although
simple phospholipid bilayers lack the anchoringegmin proteins involved in the
ligand receptor binding system of cell membranesadtiagen! !, they were
chosen as a relatively simple starting point. Rgatems are much more complex,
including not only the integrin proteins but alsgtaskeletal connections and
intermediate proteins like vimentih'®®. Future research would involve the
addition of more components to the bilayer to mimiceal cell membrane more
closely. It was already shown that collagen interagith lipid monolayers **®
and bilayerd **7 stabilizing them in the process, and facilitates adhesion of

cells!*?8, Preliminary results are described in this chapter

a) b)
—

Gold Collagen
Gold

Figure 59: a) model system consisting of a gold substrater lejtlh an adsorbed collagen film. b)
expanded model system with a phospholipid bilaggrdferred to the collagen film.
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4.3.1 Formation of the DMPC Monolayer on the Water

Surface

A Langmuir isotherm (Fig. 60) was recorded to deiae the surface
pressure for the transfer of a DMPC layer onto & gobstrate. This is the 2D
equivalent to gV-diagram in the 3D system. At high areas per maée¢e0.9
nm?2) there is almost no interaction between the @\MRAospholipid molecules on
the water surface and the measured surface pressigeclose to zero. This
situation is comparable to a two dimensional gaasph With decreasing area
available per single molecule (<0.9 nm?) the s@wfai@ssure starts to increase due
to intermolecular interactions. The DMPC molecubegin to order themselves
with their polar head groups towards the wateram@f This is called a 2D fluid-
like phase. A further decrease in the area per cutddeads to a phase transition
(~0.45 nm?). The DMPC molecules are highly ordesad form a 2D solid-like
phase. To obtain a stable and ordered solid-ligerl#ghe transfer was done at a

surface pressure= 42 mN/m.
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Figure 60: Surface pressure vs. area per molecule compreissitirerm of DMPC on an agueous
subphase.

-81-




4.3.2 PM-IRRA Spectra of a DMPC Bilayer on a Gold

Surface

After the transfer of the DMPC bilayer to the gddrface PM-IRRA
spectra were recorded in air. The CH-stretchingesad the acyl chains (Fig. 61)
and the CO-stretching mode of the polar head g(&igp 63) are of analytical
interest. The CO-stretching vibration is found @88 cm'. In the same spectral
region the Chscissoring mode in the acyl chain of DMPC is foand 468 crit.
Four different CH-stretching modes can be distisged (Fig. 61). They can be
attributed to the asymmetric Gidtreching vibration at 2964 ¢hthe asymmetric
CHy-stretching vibration at 2922 ¢has well as the symmetric GHand CH-
stretching vibrations at 2876 ¢mand 2853 cm. Additionally, the asymmetric
CH,-stretching mode has a shoulder at 2935 due to the Fermi resonance (FR)
between the symmetric GHtretching and the asymmetric &blending mode
[ 129 These bands would be overlapped with the CHestiregy modes on the
collagen film (Fig. 35). In order to distinguishtlween the CH-stretching modes
in the protein film and the lipid bilayer, the padeuterated phospholipid d54-
DMPC was used. The CD-stretching modes are sHifgemughly -850 cn (Fig.
62) compared to the CH-stretching modes, leadirgstonmetric Cl» and CD-
stretching modes at 2219 ¢nand 2197 cm'. The symmetric CP and CQ:-
stretching modes are located at 2093'@nd 2073 cm ! 30 134
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Figure 61: PM-IRRA spectra of the CH-stretching modes of a BiMBilayer on gold transferred

atz =42 mN/m.
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Figure 62: CD-stretching modes of a d54-DMPC bilayer on gdidnsferred at = 42 mN/m.
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Figure 63: CO-stretching and Cjscissoring modes of a DMPC bilayer on gold. Trarsd atr
=42 mN/m.

4.3.3 PM-IRRA Spectra of DMPC-Collagen Films on Gol d

in Air

The PM IRRA spectra of the DMPC and the d54-DMP@Gyers on
collagen-covered gold surfaces in contact with veére measured in the CH-
stretching region, the CD-stretching region andahede | band region (Fig. 64-
66). The first and most significant difference le tCH-stretching region (Fig. 64)
is the very high intensity of the CH-stretching raedbf the DMPC bilayer on
collagen (dotted line) in comparison to the collageH-stretching signal (solid
line). This can be explained by two factors. Thiagen layers have been shown
to be inhomogeneous and porous instead of beirgrenicand densely packed like
in the case of DMPC. On the other hand DMPC hasuehnmigher number of
CHy- and CH-groups in relation to the size of the molecule pared to collagen
molecules. Both factors result in a comparativegihbr density of Ch and CH-
groups on the DMPC-covered surface. Furthermore GH-stretching signal of
the DMPC bilayer on collagen does neither show siggificant decrease in the

signal intensity nor peak shifts, when comparetheoDMPC bilayer transferred

-84 -




directly on the gold surface (Fig. 61). This indes3 that the collagen adsorbed on
the gold surface does not interfere with the DMP&hgdfer procedure. For the
d54-DMPC bilayer on collagen (dashed line) no IRvity was observed in this
region, because the CD-stretching modes are shdtenver wavenumbers.

In the CD-stretching region (Fig. 65) only the dBMHPC bilayer on
collagen (dashed line) has IR absorption bands.imtiee signal intensity and
peak positions do not change in comparison toayéilof d54-DMPC transferred
directly on the gold surface (Fig. 62). The adsdrbellagen film has no influence
on the DMPC transfer. For the collagen-covered $anggolid line) and the
DMPC bilayer on a collagen-covered sample onlyhsldjfferences are observed,
due to the limitations of background correction.

In the PM-IRRA spectra of the amide | region (F8g) all three samples are
dominated by the amide I, the amide Il and the,8¢issoring bands of the
collagen. However, for the DMPC bilayer on colladdntted line) and the d54-
DMPC bilayer on collagen (dashed line) the addald@O-stretching mode of the
polar phospholipid head group at 1738cis clearly visible and blue-shifted by
66 cm' in comparison to the amide | band (Fig. 36). Altgb both signals
overlap slightly, they can be clearly distinguisteadl are suitable for analytical
purposes. The signals of both samples have the sa®iéon and intensity,
proving that the isotope exchange in the acyl clais no influence on the CO

double bonds in the polar head group.
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Figure 64: Comparison of the CH-stretching region for a calagovered gold surface (solid

line), a gold surface with a d54-DMPC bilayer or ttollagen film (dashed line), and one with a
DMPC bilayer on the collagen film (dotted line).
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Figure 65: Comparison of the CD-stretching region for a calagovered gold surface (solid

line), a gold surface with a d54-DMPC bhilayer or ttollagen film (dashed line), and one with a
DMPC bilayer on the collagen film (dotted line).
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Figure 66: PM-IRRA spectra in the 1800-1400 ¢megion for a collagen-covered gold surface
(solid line), a gold surface with a d54-DMPC bilaym the collagen film (dashed line), and one
with a DMPC bilayer on the collagen film (dottedd).

4.3.4 PM IRRA Spectra of a DMPC-Collagen Film on
Gold in Contact with Electrolyte

The PM-IRRA spectra of the d54-DMPC bilayer on twdagen-covered
gold substrate were recorded in contact with tleetedlyte solution. Figure 67
shows the CD-stretching region of the d54-DMPCygitaon gold (solid line) and
of the d54-DMPC bilayer on collagen-covered goldsfied line). For this
experiment HO instead of PO was used as solvent for the electrolyte, because
the OD-vibrations would overlay the CD-stretchingdas. The peak positions for
both samples do not differ significantly. Howevtre intensity of the CD-signal
was decreased for the d54-DMPC bilayer on collagmrered gold. The most
likely explanation for this is a partial removal tife d54-DMPC bilayer upon
immersion in the electrolyte. As proof for this loypesis PM-IRRA spectra of a
d54-DMPC bilayer on a collagen-covered gold samy#ee recorded in air (Fig.
68) before immersion into the electrolyte (soliel) and after retraction from the
electrolyte solution and drying (dashed line). Emide I/ll and CH-scissoring

band intensities of the protein do not decreasé (B and CO-stretching modes
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of the d54-DMPC almost vanish after contact wité ¢hectrolyte. This points to a
removal of the phospholipid bilayer. The destahbiiian of the bilayer on collagen
could be explained by less attractive forces betvibe polar head groups of the
DMPC and the largely unpolar protein compared &gbld surface.

Considering the presented results, it has to beitsatin that the chosen
DMPC bilayer is not very well suited as a modelteys The films are not
sufficiently stable for measurements in contachvétectrolyte and especially to
model the strong adhesion of cells to biomatenafages. However, it was also
shown that the PM-IRRAS is suitable to obtain infation about the bilayer and
the underlying protein. One possible solution te itsue of bilayer stability and
adhesion could be the introduction of additiongids, e.g. cholesterol, which has

been shown to stabilize lipid bilaydrg? 33 134
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Figure 67: CD-stretching modes of a d54-DMPC bilayer on gmldcontact with HO/NaFk
electrolyte (solid line) and of a d54-DMPC bilayer collagen on gold (dashed line).
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Figure 68: Comparison of CD-stretching modes and amide | spectgion of a d54-DMPC

bilayer on a collagen film on gold before immersiarelectrolyte (solid line) and after retraction
from the electrolyte solution and drying of the gden(dashed line).

4.4 TiO, and TiO,C, as a Substitute for the Au
Substrate

Gold is not a very common biomaterial and for inmpgatitanium and its
alloys are usually used. PM-IRRAS measurements Isnevn that collagen
forms stable films on titanium surfaces, comparablhose on gold (Fig. 66)".

However, titanium is not suitable for electrocheshiexperiments due to the
formation of an insulating oxide layer. Capacitacoeves (Fig. 70) have shown
no significant difference between an unmodifiedrtitm oxide surface and the
same surface after adsorption of collagen and feansf a DMPC bilayer.
Additionally, a cyclic voltammogram in a 1 mM fecene methanol (FcMeOH)

solution in 0.1 M NaF showed no electron transéaction (Fig. 70, inset).

-89 -




0.04 -

AU

0.02 -

1700 1600 1500
Wavenumber / cm™

Figure 69: Amide | and amide Il band of a collagen film omtitum (solid) and of a collagen film
on gold (dashed). The molecules were adsorbedXanifh from a solution with a concentration of
0.1 mg/ml.

EIV

Figure 70: Capacitance curves of an unmodified Tiectrode (solid), a collagen-covered TiO
electrode (dashed) and a collagen covered €l€ctrode with a DMPC bilayer (dotted). The inset
shows the CV of a titanium electrode in contachwitl mM FcMeOH solution in 0.1 M NaF.

Conductive TiQC, surfaces *°” were tested as a substitute for TiOM-
IRRA spectra were recorded in the amide | regi@mfrLl400 crit to 1800 crit
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after the adsorption of collagen (Fig. 71). Theegnal amide | band intensity
decreases by a factor of 10 compared to a collageered gold surface. This is
mainly due to two factors: the weak reflectivity I6¥ light at the TiQC, surface
and the scattering effect of the relatively roughface. Also there might be less
collagen adsorbed in the TiQ, surface but this cannot be deduced from the
spectra. However, the positions of amide /1l bantl4669 crit and 1548 cn
and their outlines are comparable to a collagerexl gold surface. The TiOy
surfaces were not suitable for measurements inspleetroelectrochemical cell
due to the electrochemical instability of the scefa 100 CV’s were recorded
consecutively of a Ti(C, surface in 0.1 M NaF electrolyte solution (Fig).7&n
irreversible oxidation occurs that leads to thespaion of the surface. Due to
that fact, it is not possible to perform reprodigiblectrochemical measurements
with freshly prepared Ti@@, samples. Another problem originates in the
production process of the surfaces. Two surfaceeeobame batch have different
properties depending on their position within thgem Because of the
irreproducibility of the electrochemical surfaceperties, TiQC, cannot be used
as a conductive model surface for i@et. However, this material is still under
development and may become of more analytical vatuthe future or even

become a suitable biomaterial itself.
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Figure 71: PM-IRRA spectra in the amide | region of a collagewered TiQC, surface (solid)
and a collagen covered gold surface (dashed). Mdet shows a magnification of the solid curve.
The molecules were adsorbed on both materialsGonib from a solution with a concentration of

0.1 mg/ml.
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Figure 72: 100 consecutive CV's of a TiQ, surface in 0.1 M NaF solution. The scan rate was
0.05 V/s.

-92-




5 Conclusion and Outlook

The aim of this thesis was the introduction andratigrization of a biomimetic
model system of a protein film on a biomaterialface under the influence of
electric fields. The chosen materials were collagerthe adsorbed protein and
gold as the biomaterial surface. It was shown #table and ca. 6 nm thick
collagen films could be formed on the gold surfatbe average thickness
determined by ellipsometry varied between a mond-atriple-layer on the same
sample. This film inhomogeneity limits the reproihildy of the conducted
experiments.

The application of devices that allowed the comtioma of different
techniques like the spectroelectrochemical cell asgendant for ellipsometry
enabled the in situ monitoring of the collagen fimtontact with the electrolyte.

The PM-IRRA spectra of a collagen film adsorbedyotd in contact with
an electrolyte solution show a shift of the amidiebands compared to a dry film.
This is explained by the change in the hydratiothefcollagen molecules and the
formation of H-bonds. The capacitance of the catagovered gold surface is
close to 20 uF/cm? and is significantly lower thiaa capacitance of a clean gold
surface. However, a densely packed film of organaterial would reduce the
capacity even more, as it is the case for a ligayer on gold (2-5 pF/cm?). This
means that the collagen film contains defects amdjularities. Accordingly, the
optical model of the system was adjusted to allbw incorporation of the
electrolyte solution into the film. It was also shg that the electrolyte content
within the film is dependent on the potential apglito the gold electrode.
Potentials higher than the OCP (0.2 V vs. Ag|Ad@IRCI) cause a decrease in
the electrolyte content while potentials more niegathan OCP cause an increase.
The observation of electrodynamic changes in thagen film is important
because very little work has been conducted infteld so far. To the author’s
knowledge this is the first study concerning thé&awour of adsorbed collagen
films under the influence of an electric field. Metheless, under physiological
conditions strong electric fields can be inducedally at cell membrane and
protein film interfaces. To fully understand proses like the integration of a

biomaterial in the human body the electrodynamaselto be taken into account.
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To increase the similarity to physiological systersgectroelectrochemical
experiments were conducted at 37 °C, correspondmgthe body core
temperature. Measurements were also carried odB &iC, the temperature at
which collagen in solution starts to denaturizej an50 °C, corresponding to the
complete disintegration of the protein tertiaryusture. Surprisingly, adsorbed
collagen molecules are stable over the whole teatpex range. This shows that
the molecules are stabilized by the immobilizatmocess. The application of
collagen precoatings for biomaterials would notplossible without this feature.
Under the influence of changing potentials at tbll gurface, desorption of the
collagen is observed at high temperatures (>43E@phasis lies on the necessity
of a changing potential. At constant potentials, significant desorption is
observed. This can be explained by a weakeningefiriteraction between the
collagen molecules and the gold surface but furthgreriments are required.
Especially the dependence on a changing potengads to be investigated
concerning for example the influences of the frempyeof change and potentia
differences.

A further biomimetic modification used in this tiesvas the transfer of a
DMPC bilayer onto the protein film. This resembldés next step in the
biointegration cascade, namely the adhesion ok.cBIM-IRRAS experiments
showed a promising depth of information becauselfhbands of collagen and
DMPC can be analyzed separately. In the case oCHhestretching modes, per-
deuterated d54-DMPC was used to distinguish thelddmom the CH valence
bands of collagen. However, the DMPC bilayer isyvenstable on the collagen
film when exposed to the electrolyte solution. Gosiwve experiments were not
possible due to disintegration of the bilayer. Torenation of a stable bilayer is a
challenge for future research and may be achieyeddding new components
such as cholesterol to increase the stability eflifynd bilayer.

The model system based on the components collagegold can be
further enhanced. Instead of collagen, a proteamfthe extracellular matrix, a
protein of a different physiological environmerdithe serum proteins fibrinogen
or albumin may be analyzed. Mixtures of proteiny raso be employed because
of the closer resemblance to physiological systéamtd on the other hand could
be replaced by titanium and its alloys with medagaplications such as Ti6AI7Nb
or Ti6Al4V or other metallic biomaterials like stéess steel or CoCr alloys.
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However, these materials form a passivating oxager and do not serve well as
an electrode. Doping of the oxide layer with carbaould increase the
conductivity. However, so far the resulting T@ films were unstable under
physiological conditions. It is also uncertain thet physical and chemical
properties of the material change too much for @selresemblance of the
biomaterial. Insulating biomaterials like ceramiese not suitable for the
experiments conducted in this thesis.

The used experimental techniques have proven teebewell suited for
the analysis of the model system. Their extremegh Fsensitivity allows the
investigation of thin films in the range of moleauimonolayers. Especially with
the help of PM-IRRAS it is possible to distinguisétween different components
simultaneously. However, the necessary high refliégtand amplification of the
electric field at the reflecting surface cannomntet by most biomaterials. It is still
possible to employ those materials by depositingrag thin film with a thickness
of a few nm on a gold substrate as was shown irake of titanium on gold*
and silica on gold*®. The surface properties correspond to the bioriatehile

the reflectivity is almost the same as for an unifiedigold surface.
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8 Appendix — Abbreviations and Symbols

Abbreviations

2D, 3D
AFM
CCD
CE
DMPC
d54-DMPC
FWHM
Gly
Hyp

IR

IRS
IRRAS
OCP
PBS
PEM
pH

PM-IRRAS

Pro

RCE

RE
RTSRCE
SBF
SPR

WE

two/three dimensional

atomic force microscopy

charge coupled device

auxiliary electrode (informal: counter eledked
1,2-Dimyristoyl-sn-glycero-3-phosphocholin

per deuterated 1,2-Dimyristoyl-sn-glye8rphosphocholin
full width at half maximum

glycine, an amino acid

hydroxyproline, an amino acid

infrared

infrared spectroscopy

infrared reflection absorption spectroscopy

open circuit potential

phosphate buffered saline

photoelastic modulator

negative decadic logarithm of thé ebncentration in a
solution

polarization modulation infrared reflectiabsorption
spectroscopy

proline, an amino acid

rotating compensator ellipsometer

reference electrode

real time spectroscopic rotating compenglipsometer
simulated body fluid

surface plasmon resonance spectroscopy

working electrode
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Symbols

A area

C capacitance

d thickness

E electric field, potential

Exoyo amplitude of the electric field

E electric field vector

f frequency

F phase amplitude

i complex number

I intensity

Ji2 first and second order Bessel function
Ji Jones matrix

k attenuation koefficient

M Mueller matrix

n real part of the refractive index
N complex refractive index

p propagation number

r reflectivity coefficitent

rt room temperatur

R reflectivity, resistance

R rotation matrix

S Stokes vector

t time, transmission coefficient
T transmittance, temperature

o angle

Ox.y initial phase of a wave

SpEMm phase difference of a PEM

S phase shift of the electric field after reflecti
A phase difference, one of the so called ellipsometngles
€ dielectric constant

0 angle of incidence
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g 8 ™~ E M

wavelength

magnetic permeability

refraction coefficient

one of the ellipsometric angles

angular frequency, resonance frequency, exaitatio
frequency

azimuth
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