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Abstra
tThe transmembrane potential di�eren
e ∆φm is 
losely asso
iated to the 
atalyti
a
tivity of 
yto
hrome 
 oxidase (C
O). C
O is the terminal enzyme (
omplex IV) inthe ele
tron transport 
hain of the mito
hondria. The enzyme 
atalyzes the redu
tionof O2 to 2H2O, thereby ele
trons are transferred from 
yto
hrome 
 to C
O. Ele
trontransfer within the C
O is 
oupled to proton translo
ation. Consequently, a di�eren
ein proton 
on
entration over the inner mito
hondrial membrane and a membranepotential di�eren
e ∆φm are generated.The transmembrane potential ∆φm 
an be measured by �uores
en
e spe
tros
opyusing a potential sensitive dye. Before quantitative results 
an be dedu
ed from su
hinvestigations, 
alibration measurements using de�ned ele
tri
al potentials applied tothe lipid membrane have to be 
ondu
ted.Here, 
alibration measurement of ∆φm in a model membrane with C
O are pre-sented. ∆φm is indu
ed by de�ned external potentials applied to the lipid membrane.Therefore, a model membrane system 
alled the protein-tethered bilayer lipid mem-brane (ptBLM) was developed on the transparent, semi-
ondu
ting substrate indiumtin-oxide (ITO). ITO enables simultaneous implementation of ele
tro
hemi
al and �u-ores
en
e or opti
al waveguide te
hniques.A thin hydrogel layer was used as a soft '
ushion' for the ptBLM on ITO, providingthe ni
kel 
helating nitrilo-tria
eti
 a
id (NTA) groups, to whi
h C
O from Para
o

usdenitri�
ans was bound in a well de�ned orientation via a his-tag atta
hed to its sub-unit I. The ptBLM was then formed by in-situ dialysis using bio-beads. Ele
tro
hem-i
al impedan
e spe
tros
opy showed good ele
tri
al sealing properties (≈1MW⋅
m2).Surfa
e plasmon resonan
e opti
al waveguide spe
tros
opy (SPR/OWS) indi
ated anin
reased anisotropy of the system after formation of the lipid bilayer. Cy
li
 voltam-metry in the presen
e of redu
ed 
yto
hrome 
 demonstrated that C
O was in
orpo-rated into the gel-supported ptBLM in a fun
tionally a
tive form. The membranepotential indu
ed in a gel-supported ptBLM by an external voltage waveform wasmeasured by ratiometri
 �uores
en
e spe
tros
opy. Referen
e measurements usinga tethered BLM provided a 
onversion fa
tor in terms of the ratiometri
 parameterRn (0.05/100mV). Potential 
hanges indu
ed in the ptBLM by external voltage weremeasured down to ≈80mV. These data provide a basis for future investigations of theself-generated ∆φm of C
O in a ptBLM.
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Chapter 1Introdu
tionThe lipid bilayer membrane plays a prominent role in many biologi
ally relevantpro
esses. Examples are signal transdu
tion, transport of ions and mole
ules, bio-synthesis, 
ell adhesion and re
ognition. Natural membranes are usually of great
omplexity and the investigation of single spe
ies of membrane proteins is hard torealize using 
ommon analyti
al te
hniques. Arti�
ial lipid membrane systems haveto be designed to mimi
 the 
onditions of a biologi
al membrane and the protein ofinterest has to be re-
onstituted into the membrane. Proteolipsomes were often usedto in
orporate membrane proteins[70, 133℄. Even though transport pro
esses throughmembrane proteins 
ould be investigated, this method had two major drawba
ks, a

u-mulation of transported spe
ies in the inner 
ompartment and the la
k of 
ontrol overthe membrane potential. Bla
k lipid membranes (BLM) do over
ome this problem,but exhibit a low me
hani
al stability.If the lipid membrane is tethered to a solid support, i. e. a planar ele
trode surfa
e,the bilayer 
an be stabilized and membrane proteins 
an be in
orporated into the mem-brane in a fun
tional manner. These so-
alled tethered BLMs (tBLM)[65, 91, 114, 138℄allow the appli
ation of various surfa
e analyti
al tools in
luding ele
tro
hemi
al te
h-niques. Ion transport a
ross lipid membranes fa
ilitated by membrane proteins 
ouldthus be investigated. Channel peptides, su
h as mellitin and grami
idin, and ion 
ar-riers, su
h as valinomy
in, were su

essfully in
orporated[7, 23, 46, 92, 116℄. Theywere shown to transport ions with similar ion transfer rates as in 
lassi
al bilayer orBLMs[92℄. Larger and more 
omplex enzymes su
h as 
yto
hrome 
 oxidase (C
O)were also in
orporated. However, relatively small 
atalyti
 
urrents were measured by
y
li
 voltammetry (CV)[24, 52, 91℄. Similar results were obtained for C
O immobi-lized in a 
omplex with 
yto
hrome 
 (
yt 
)[45℄. Moreover, the lower lea�et of the1



Chapter 1 Introdu
tionlipid bilayer is not �uid due to the tether moities 
ovalently atta
hed to the surfa
e.This prevents in
orporation of large membrane proteins.In an attempt to preserve the 
atalyti
 a
tivity of su
h proteins immobilized onsurfa
es, a bio-mimeti
 membrane system was developed in our group in whi
h theproteins are immobilized on a planar ele
trode using the histidine-tag (his-tag) te
hnol-ogy. A lipid bilayer is then re
onstituted around the bound proteins by in situ dialysisto form the protein-tethered bilayer lipid membrane (ptBLM)[38℄. The most obviousadvantage of this system is the stri
t 
ontrol over the orientation of the protein.Re
ently, it was shown that the C
O from Rhodoba
ter sphaeroides, embedded insu
h a system with the his-tag atta
hed to subunit (SU) II, 
an be e�e
tively a
tivatedby dire
t ele
tron transfer (ET). This was demonstrated by ele
tro
hemi
al methodsin 
ombination with surfa
e-enhan
ed resonan
e Raman spe
tros
opy (SERRS) andsurfa
e-enhan
ed IR absorption spe
tros
opy (SEIRAS)[33, 58℄. On the other hand,when the C
O from Para
o

us denitri�
ans is immobilized with the his-tag atta
hedto SU I, the 
yt 
 binding site is dire
ted away from the ele
trode to the outer sideof the tBLM ar
hite
ture. The protein 
an then be a
tivated by 
yt 
 to a
tivelytransport protons a
ross the lipid bilayer stru
ture[35℄.Model systems that have been developed for the investigation of membrane proteinsare des
ribed in the following.1.1 Membrane Model Systems for the Investigationof Membrane ProteinsThe �rst membrane model systems introdu
ed in the early 1960s were lipid bilayermembranes, either produ
ed in the form of a sphere su
h as liposomes and giant unil-amellar vesi
les (GUV)[20, 71, 108℄, or as a two dimensional planar system separatingtwo aqueous reservoirs su
h as the BLM.[9, 44, 86℄. Several ion transport 
hannelsand re
eptors have been 
hara
terized for their ele
tro
hemi
al and kineti
 propertiesusing these model systems.For membrane studies towards the investigation of membrane proteins and the asso-
iated appli
ation as a sensing system, liposomes have a limited relevan
e, as the inner
ompartment is very small and ina

essible to 
hemi
al manipulation. Ele
tri
al mea-surements 
an only be realized in a pat
h 
lamp 
on�guration. This limitations 
an be2



Chapter 1 Introdu
tionover
ome by the formation of supported planar lipid bilayers (sBLM)[11, 69, 110, 111℄.These membrane systems are formed dire
tly on the metal or semi-
ondu
tor ele
trodesurfa
e. However, the main drawba
k of su
h supported model membrane systems re-ported in the early years was the strong intera
tion of in
orporated proteins with thesolid support leading to immediate denaturation.This limitation 
an be over
ome by a tethering moity atta
hing the membrane toa solid support. These types of membranes are of spe
ial interest due to their highme
hani
al stability and therefore will be des
ribed in the next se
tion. Another ad-vantage is the possibility to use various surfa
e analyti
al tools for the 
hara
terizationand study of these systems that are not appli
able with vesi
les and BLMs, su
h asmi
ros
opi
 te
hniques, AFM, ellipsometry, FRAP, SPR, EIS and QCM-D[115℄.1.1.1 Tethered BLM on metal ele
trodesThe use of a 
learly de�ned, short tethering unit, whi
h is on one side 
ovalentlybound to the support like a gold substrate and on the other to the lipid building theinner lea�et of the bilayer, is one of the possibilities of building tethered bilayer lipidmembranes (tBLM). The ba
kbone of su
h a tethering mole
ule 
an be build usingalkyl 
hains[39℄, phospholipids [68, 89, 117℄ or 
holesterol derivatives[50℄ bound viathe tether unit to the an
hor group that is sulphur bearing end groups[121, 128℄ forthe 
ase of a gold support (Fig. 1.1). For sili
on oxide surfa
es silanes have been used[4℄. The an
hor lipids 
an self-assemble on the surfa
e and dire
tly form the �rstlipid monolayer. The outer lea�et 
an be deposited by either vesi
le fusion or solventex
hange methods. The spa
er a
ts as an elasti
 bu�er, separating the bilayer fromthe support and providing a small ioni
 reservoir[90, 117, 126, 134℄.The �rst tBLM ar
hite
ture was reported by Vogel and 
o-workers[68℄, who synthe-sized so-
alled thiolipids 
onsisting of two disulphide-linked hydrophili
 spa
er groupsof 1-3 ethoxy groups whi
h are 
oupled to a phospholipid. They employed LangmuirBlodgett �lm transfer and self-assembly for the monolayer preparation and 
ompletionto a bilayer was a
hieved by detergent dilution. The properties of the tBLM dependstrongly on the tethering part, as the intera
tion of the lipids with the solid is veryimportant and has to be tuned 
arefully[109℄. For example, the di�usion propertiesof the two lea�ets of the bilayer are important for the in
orporation of small proteins,whereas the high ele
tri
al sealing properties are major fa
tors in order to separate3



Chapter 1 Introdu
tion

anchoring moiety

e. g. thiols for gold supports

hydrophilic spacer groups

small water reservoir

Figure 1.1: S
hemati
 representation of a tethered BLM on a solid substrate. Thesub-membrane spa
e 
onsists of an
hor lipids atta
hing the �rst lea�et ofthe membrane to the support. The 
hemi
al method used for an
horagedepends on the support. For gold supports thiols are used in most 
ases.the protein signal from the leak 
urrent of the membrane. Self-healing of defe
ts inthe membrane ar
hite
ture 
an also be of interest, as defe
ts enhan
e the leakage ofthe membrane. Furthermore, the size and nature of the water reservoir below themembrane is of great importan
e, as it is a prerequisite to enable measurements ofleakage or �ux.Many di�erent spa
er groups have been used throughout literature, the most 
om-mon being ethylene oxide[3, 63, 64, 109, 128, 134℄. However an alternative are oligopep-tide sequen
es atta
hed to the an
hor group, whi
h then form a peptide-tetheredmembrane[60, 91, 103, 117℄. Cornell et al. were the �rst to use ar
haea lipids withphytanyl 
hains to stabilize the bilayer stru
ture . Additionally they introdu
ed fullmembrane spanning lipids to further enhan
e the stability of the ar
hite
ture[23℄.Based on a similar approa
h, S
hiller synthesized a new thiolipid using phytanyl 
hains[116℄and a tetraethylene gly
ol moiety linked to the lipoi
 a
id an
hor group yield-ing a mole
ule named di-phytanyl-gly
erol-tetraethylene gly
ol-lipoi
 a
id ester lipid(DPTL). With this mole
ule bilayers with resistan
es in the 10MW⋅
m2 range and
apa
itan
es around 0.7 µF/
m2 
ould be obtained, whi
h is 
omparable to the valuesreported for BLMs.tBLMs on oxidi
 surfa
es and semi-
ondu
tor surfa
es were also reported using thesame strategy[3℄. A di�erent approa
h to obtain tBLMs is the use of hanging mer
ury4



Chapter 1 Introdu
tiondrops as a ele
trode[103℄, as mer
ury has the advantage of providing a defe
t-free �uidsurfa
e. Using this strategy, tBLMs with a thiol peptide spa
er 
ould be obtained thatwere fun
tionalized with valinomy
in, though the ele
tro
hemi
al properties of theselayers were quite low. On mer
ury it is possible to use the same an
horlipid (DPTL)than on gold surfa
es to improve the sealing properties of the bilayer. However theresistan
e of the resulting bilayers is at its best around 0.2MW⋅
m2 with 
apa
itan
esaround 1 µF/
m2 showing a poor organization of the bilayer as 
ompared to those ongold surfa
es.1.1.2 Protein-tethered BLM on metal ele
trodestBLMs have some major drawba
ks despite their good sealing properties and me
han-i
al stability. The spa
er mole
ule whi
h is also the an
hor to the support has to be
hosen appropriately in order to allow for a adequate reservoir in the sub-membranespa
e. Further, the spa
er mole
ule itself hinders fun
tional in
orporation of mem-brane proteins into the tBLM.A new model system, the protein-tethered bilayer lipid membrane (ptBLM), for theinvestigation of membrane proteins has been developed in our group on noble metalsubstrates[38, 96℄. It is formed by, �rst immobilizing the protein utilizing the his-tagte
hnology, while it is stabilized by detergent mole
ules. Then the protein is used asa s
a�old to form a lipid bilayer. whi
h is done by in-situ dialysis using bio-beads.Thereby, the detergens mole
ules are repla
ed by lipids and a bilayer forms around theprotein. Surfa
e analyti
al te
hniques su
h as SPR, EIS, SEIRAS and SERRS havebeen employed as yet[34, 58, 96℄. The advantage of this method is that the proteinis re
onstituted in a bilayer in a fun
tional manner. The size of the sub-membranespa
e is de�ned by the 
ytosoli
 part of the protein. Moreover, the membrane proteinis in
orporated in a well de�ned orientation, predetermined by the lo
ation of itshistidine an
hor.The His-tag te
hnology is based on the strong a�nity of polyhistidine to metal
omplexes formed by ni
kel or 
obalt ions. This property is utilized in the puri�
a-tion of polyhistidine-tagged proteins expressed in prokaryoti
 
ells. Therefore, higha�nity media su
h as Ni Sepharose are employed. These media 
ontain bound metal
helate 
omplexes, very often formed using a 
helating 
ompound su
h as nitrilotri-a
eti
 a
id (NTA). During puri�
ation the his-tagged protein binds spe
i�
ally to the5



Chapter 1 Introdu
tion

dialysis

detergens molecules

lipid moleculesFigure 1.2: (a) Surfa
e fun
tionalization on gold for the immobilization of 
yto
hrome
 oxidase with the his-tag atta
hed to SU I. The his-tag te
hnology hasbeen utilized in order to bind the membrane protein to the gold surfa
e.(b) S
hemati
s of the re
onstitution of 
yto
hrome 
 oxidase (C
O) into aptBLM by in-situ dialysis.
6



Chapter 1 Introdu
tionmetal 
helate 
omplex. Unspe
i�
 bound proteins are removed by subsequent wash-ing. NTA-Ni 2+ based a�nity media show the highest binding 
apa
ity, whereas Cobased resins o�er the highest purity of the sample.This te
hnique is also suitable for the immobilization of membrane proteins ontoele
trode surfa
es. For example, his-tagged 
yto
hrome 
 oxidase was immobilizedon gold in a analog manner. The surfa
e was fun
tionalized using dithiopropionatebearing a NTA terminal. The sample is in
ubated in a Ni 2+ solution. NTA formsan o
taheadral 
oordination 
omplex with Ni 2+. Two of the 
oordination sites areo

upied by water mole
ules. Upon binding of the C
O, the his-tag repla
es thewater mole
ules and 
oordinates to the NTA-Ni 2+ 
helate. Afterwards the protein isre
onstituted into a lipid bilayer.The His-tag is 
ommonly lo
ated at the N- or C-terminus of a subunit within theprotein. For C
O with the His-tag at the C-terminus of subunit II the protein was ori-ented with the 
yt 
 binding site dire
ted toward the ele
trode (down-
on�guration).Bio-ele
troni
 
oupling of the protein to the ele
trode is a
hieved only in this orien-tation, when the primary ele
tron a

eptor, the CuA 
enter, was dire
ted toward theele
trode. C
O with the His-tag at the C-terminus of subunit I allows the immobiliza-tion of the protein su
h that the 
yt 
 binding site is showing to the opposite dire
tion,away from the ele
trode. In this orientation the 
yt 
 binding site is a

essible to freelydi�using ele
tron donors in the bulk solution.1.2 Signi�
an
e of the Membrane PotentialAll 
ells in organisms are able to regulate the in�ux of important resour
es from theirenvironment through the membrane into the 
ell 
ompartment in order to run vitalpro
esses for intra
ellular bio-synthesis and energy produ
tion. At the same timewaste produ
ts have to be transported out of the 
ell 
omportment, pH and water
on
entration are 
ontrolled in the same manner. The plasma membrane plays a 
riti-
al roll in the regulation of in�ux and out�ow's of ions and substan
es. The regulatoryme
hanisms 
an be separated into passive (e.g. di�usion driven) and a
tive (e.g. pro-ton pump) transport routes a
ross the membrane. Some proteins, in
orporated intothe membrane, are able to spe
i�
ally mediate the transport of solutes like nutrition's,amino a
ids or inorgani
 ions. In the passive route, 
arrier proteins (permeases), or
7
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ΔG

‡

diffusion

ΔG
‡

transport

Figure 1.3: Change of the Gibbs free energy during the passage of an ion through thelipid membrane. Deta
hment of the hydration shell is a highly endorgeni
pro
ess. A higher a
tivation energy is required for simple di�usion of ionsthrough the lipid bilayer 
ompared to 
arrier mediated transport.ion 
hannels do e�
iently transport mole
ules and ions, sin
e the membrane is virtu-ally impermeable to the relevant substan
es. Other proteins are even able to 'pump' -a
tive transport - against an ele
tri
al or a 
on
entration gradient, in 
ontrast to thepassive 
ase where the transport always o

urs along su
h a gradient. In the 
ase ofion translo
ation a
ross the membrane in either dire
tion the transport pro
esses is
losely asso
iated with the ele
tri
al �elds formed a
ross the membrane. In the nextse
tion the transport pro
ess of ions will be des
ribed in more detail. Later the fo
uswill be on the a
tive ion transporters in the respiratory 
hain and more spe
i�
allythe proton pump 
yto
hrome 
 oxidase.1.2.1 Passive ion transportThe 
on
entration di�eren
e of ions between the inner 
omportment, en
losed by themembrane, and the environment 
auses the di�usion of ions through the lipid mem-brane. While passing through the bilayer, the ion has to leave the energy minimumwhi
h it rea
hed due to the formation of the hydration shell around it, move from a
8



Chapter 1 Introdu
tionhigh diele
tri
 
onstant region (aqueous phase) through a 3 nm thi
k lipid bilayer witha low diele
tri
 
onstant and a hydrophobi
 interior and, �nally, enter the aqueousphase on the opposite site. Consequently, the membrane a
ts as a high energy barrierto the di�usion of ions. A

ordingly a high a
tivation energy ∆G� is required in orderto get the ion from one side of the membrane to the other. Simple di�usion of ionsthrough the membrane is a very slow pro
ess with time 
onstants rea
hing severalhours.Based on the solubility-di�usion me
hanism frequently referred to[29, 81, 105℄, theGibbs free energy of the di�usion pro
ess 
an be separated into several terms des
ribingthe ele
trostati
, hydrophobi
 and other spe
i�
 energy barriers that the ion has topermeate[101℄
∆G� =∆G�

B +∆G
�
I +∆G

�
D +∆G

�
H (1.1)A 
ontinuum model is taken for the des
ription of the bilayer, i.e. the membrane asa stru
tureless, 
ontinuous diele
tri
 layer separating the two aqueous phases. ∆G�

Bis than the Born energy des
ribing the ele
trostati
 energy required to pla
e a 
hargefrom the aqueous phase into the interior of the hydrophobi
 layer. The se
ond ele
-trostati
 term arises from the for
e a
ting on a 
harge q pla
ed 
lose to the interfa
eseparating two diele
tri
 half spa
es ǫ1, ǫ2. q lo
ated in ǫ1, indu
es an image 
ounter
harge Q' in ǫ2. Hen
e, an ele
trostati
 image for
e a
ts on the ion 
lose to the in-terfa
e leading to ∆G
�
I in eq. 1.1. The last ele
trostati
 term, ∆G�

D, des
ribes the
ontribution of the membrane dipole potential, indu
ed by the 
arbonyl groups at thehead of lipids, to the Gibbs free energy. Observations show that it is due to the dipolepotential that anions di�use faster through the membrane than 
ations of 
omparablesize[31, 32℄. Consequently, ∆G�
D is negative for anions, lowering the energy barrierimposed by the bilayer for anions in 
omparison to 
ations. The last term ∆G

�
H takesinto a

ount the energy that is required to remove an ion from the aqueous phaseand pla
e it into the hydro
arbon region of the membrane, sin
e the hydrophobi
e�e
t 
auses a substantial barrier to ion di�usion, ∆G�

H 
an outweigh the 
ombinedele
trostati
 e�e
t represented by the other three terms.Various semi-empiri
al approa
hes exist in order to quantify ∆G� by expressing ea
hterm in eq. 1.1 into a mathemati
al form[31, 93, 100℄. The di�erent models will notbe des
ribed here. On
e ∆G� 
an be determined the permeability P of the membrane
9
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an be 
al
ulated using an equation derived from Fi
ks �rst law of di�usion
P =

KD

d
(1.2)

K = exp−∆G�/RT . (1.3)However, there were strong eviden
es suggesting that some me
hanisms fa
ilitatepermeation of ions at 
onsiderably higher rates, e.g. the transmembrane potential wasshown to be in�uen
ed by the passive permeation of ions through biologi
al mem-branes, espe
ially in ele
tri
ally a
tive tissues[104℄ whi
h 
an only be explained by anadditional, faster permeation pro
ess through the lipid matrix.Transient defe
ts within the membrane produ
ed by thermal �u
tuations[85℄, ele
-tri
 �elds[12, 55, 131, 136℄, antimi
robial peptides[16, 107, 118℄ or me
hani
al stress[13,25℄ 
an o�er a pathway for ion permeation, avoiding the Born energy barrier asso
i-ated with the solubility-di�usion me
hanism. The bypass is formed by hydrophili
 andhydrophobi
 pores in the membrane, of whi
h the latter are of parti
ular relevan
efor 
ations permeating thin lipid bilayers. Moreover, the ele
troporation method forexample, where pores are intentionally indu
ed by applied ele
tri
 �elds, allows theintrodu
tion of foreign agents, genes or peptides into the 
ell and thus be
ame animportant tool in 
ell biologi
al appli
ations.In free-suspended BLMs on ele
trodes, where de�ned ele
tri
al �elds 
an be appliedto the bilayer, ele
troporation 
an be
ome the dominatingme
hanism for passive, pore-mediated ion transport. The population of aqueous pathways is 
losely asso
iated tothe in
reased permeability P of the membrane to ions (ele
tropermeabilization). Thee�e
t on P 
an be quite well des
ribed using theoreti
al models, though the stru
tureof the pores or the phase transition itself, i.e. the di�erent states of pore formation,are di�
ult to determine. For that reason, in the following ele
tropermeabilizationwill be further elu
idate. Formation of hydrophili
 pores most likely arises from thetransformation of hydrophobi
 pores, whi
h are formed as a 
onsequen
e of lateralthermal �u
tuations. Thermal �u
tuation is a zero order pro
ess whi
h in turn 
anbe modelled a

ording to the absolute rate theory for 
hemi
al rea
tions. The 
hangeof Gibbs free energy for pore formation 
an be des
ribed as[135℄
∆G�

p(∆φm, r) = Wmech +Wel (1.4)
Wel = ∆φ2

mπr
2(ǫw − ǫm)/2dm (1.5)10
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Figure 1.4: Examples of the formation energy (right) of single pores with radius r ina lipid membrane eq. (1.4). S
hemati
 presentation of the two basi
 poretypes is shown on the left: hydrophili
 (dashed line) and hydrophobi
 (solidline) pores. At nonzero ele
tri
al potentials the energy barrier is loweredsigni�
antly (se
ond 
urve in graph).The ele
tri
al work Wel is determined by the membrane thi
kness dm, it's diele
tri

onstant ǫm, the ǫw of the aqueous phase, the pore radius r and the ele
tri
 potential
∆φm. The me
hani
al work for pore formation 
an be des
ribed by simply taking the
hange of surfa
e area of the lipid �lm 
ompared to that of the pore edges. However,the hydrophobi
 intera
tion of the pore edges has also to be taken into a

ount. Thisleads then to[135℄

Wmech = 2πrdmγ(r) (1.6)
γ(r) = γ∞I1(r/r0)/I0(r/r0) (1.7)The tension at the interfa
e between the hydrophobi
 lipid tails and the water 
olumnin the pore is taken into a

ount by γ(r), where I0, I1 are the modi�ed Bessel fun
tionsof n-th order. r0 is a s
aling length. The rate 
onstant of pore formation is then

kp ∝ exp−
∆G�

p

kT
. (1.8)The free energy ∆G�(∆φm, ξ) 
an be written as a fun
tion of the dimensionlessradius ξ = r/dm. At ∆φm=0 the left term of eq. 1.4 leads to the �rst energy 
urve

∆G
�
1 in Fig. 1.4. Below the 
riti
al radius ξ∗ - the interse
tion between hydrophobi
and hydrophili
 
urve - formation of hydrophili
 pores having small radii requires so11
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tionmu
h energy (dashed part of 
urve 1 in Fig. 1.4) that this transformation be
omes veryunlikely. Hydrophobi
 pores dominate in this regime. Above the 
riti
al radius, therearrangement of lipids be
omes energeti
ally more favorable resulting in the formationof hydrophili
 pores. Additionally, if a ele
tri
al �eld is applied, ∆φm ≠ 0, the energybarrier for pore formation is further lowered (see ∆G�
2 in Fig. 1.4).Finally, sin
e the total permeability of the membrane at steady state is proportionalto the a

umulation of hydrophili
 pores, P 
an be written as[113℄

P (∆φm) = P0 exp−
∆G

�
p

kT
(1.9)where P0 is the total permeability at ∆φm = 0. The resealing of the pores is 
onsideredto be independent of ∆φm.In general, ion permeation by pores is the dominant me
hanism in passive transportonly if the membrane is su�
iently thin in terms of ξ. For in
reasing membranethi
kness ion transport through partition and di�usion, as des
ribed before, be
omeof greater importan
e.Solubility-di�usion and ele
troporation prove to be relative simple models that de-s
ribe passive ion permeation very well. Unfortunately, these theoreti
al tools do nota

ount for the mole
ular stru
ture and the inhomogeneity of the membrane. Mole
u-lar dynami
s simulations (MD) o�er a great potential in this respe
t, however, are outof the s
ope of this work. Lately in our group ion transport a
ross tBLMs was modeledusing a ele
tri
al hybrid network des
ription whi
h 
ombines potential dependent rateequations with passive ele
tri
al elements. Passive permeation of ions was des
ribedby the integrated Nernst-Plan
k Flux equation. Simulations based on this model werethen performed using the network simulation program SPICE (Simulation Programwith Integrated Cir
uit Emphasis). The 
on
ept of this method will be presented laterin this work.In the next se
tions a
tive ion transport will be des
ribed taking the proton pumpC
O from the respiratory 
hain as an example.1.2.2 The respiratory 
hainThe main fun
tion of the respiratory 
hain is the 
onversion of the Gibbs free en-ergy released during the redu
tion of oxygen through NADH and FADH2 into the12
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hemi
al form adenosine triphosphate (ATP). ATP is the universal energy sour
e inliving organisms. Almost all energy 
onsuming pro
esses su
h as nerve stimuli ormus
le 
ontra
tion are driven by ATP. The metaboli
 pathway that 
onsumes energyreleased through oxidation of nutrients su
h as glu
ose to produ
e ATP is denoted asthe oxidative phosphorylation, sin
e adenosine phosphate (APD) is phosphorylatedto form ATP using the energy released by the redu
tion of oxygen to water. Thispro
ess of 
onversion of nutrients under aerobi
 
ondition (oxygen as the oxidizingagent) delivers higher amounts of energy than any other oxidative pathway. Never-theless, oxidative pro
esses involving oxygen usually generate free radi
als whi
h havea toxi
 e�e
t to organisms. The nature has developed spe
ialized enzymes in order toavoid su
h dangerous intermediate produ
ts. Oxygen redu
tion is 
atalyzed by theseenzymes in a 
ontrolled manner.The redu
tion of mole
ular oxygen to water through NADH and FADH2 is a rea
tioninvolving a sequen
e of ele
tron transfer steps through a 
hain of membrane proteins,denoted as the respiratory 
hain. The respiratory 
hain in eukaryoti
 
ells is lo
atedwithin the inner membrane of the mito
hondria, whereas in prokryoti
 
ells it is lo
atedwithin the 
ytoplasmi
 membrane.In the mito
hondria the system 
onsists of the ele
tron transfer 
hain, whi
h is
oupled to proton translo
ation, and the ATP-synthase. The ele
tron transfer pathway
onsist of the integral membrane proteins, 
omplex I to IV. The driving for
e of theoxidative phosphorylation, and proton translo
ation from the matrix to the inter-membrane spa
e in the mito
hondria, is the high ele
tron transfer ability of the energy-ri
h NADH 
ompared to that of the mole
ular oxygen. The 
hemi
al rea
tion 
onsistsof several rea
tion steps taking pla
e within the proteins in the 
hain and is des
ribedby
1
2
O2 +NADH +H+ + 10H+in Ð→ H2O +NAD

+
+ 10H+out. (1.10)The 
hange in Gibbs free energy of the rea
tion is

∆G =∆Go
+RT ln

[NAD+][H2O][NADH][H+][O2] +RT ln 10(pHout − pHin) + nF∆φm (1.11)where ∆Go is the standard 
hange of Gibbs free energy, R the universal gas andF the Faraday 
onstant. pHin is the pH in the matrix and pHout is the pH in theinter-membrane spa
e. ∆φm is the transmembrane ele
tri
al potential. The �rst two
13
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Figure 1.5: The mito
hondrial respiratory 
hain. Pi
ture: ©Ilya Belevi
h, Bio
enter,University of Helsinki.
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tionterms des
ribe the 
hange in Gibbs free energy due to the 
hemi
al rea
tion. The lasttwo terms 
onsist of the di�eren
e of the 
hemi
al potential, as a 
onsequen
e of thedi�eren
e of the 
on
entration of protons between the intermembrane spa
e and thematrix, and the ele
tri
al potential di�eren
e a
ross the membrane. The theoreti
alvalue of ∆G is -220 kJ/mol. Under normal 
onditions the pH of the intermembranespa
e is 1.4 lower than that of the matrix. The membrane potential usually has avalue around 0.14V where the matrix is more negative than the intermembrane spa
e.Applying these values to the last two terms (1.11) yields a 
hange in Gibbs free energyfor the translo
ation of one proton a
ross the inner membrane to the inter-membranespa
e
∆µ̃H+ = 21.82 kJ/mol (1.12)hen
e the overall 
hange in ∆µ̃H+ during one 
y
le, where 10 protons are translo-
ated, is 218,2 kJ/mol and very 
lose to -220 kJ/mol released during the 
hemi
al rea
tion.The energy released by the redu
tion of mole
ular oxygen is used to form a pH dif-feren
e and a 
hange of membrane potential ∆φm a
ross the inner membrane of themito
hondrial.The sequential ele
tron transfer path from NADH to O2 is formed by a 
hain of threetrans-membrane proteins: the 
omplex I NADH-
oenzyme Q oxidoredu
tase (NADH-CoQ), the 
omplex III 
yto
hrome 
 oxidoredu
tase (b
1-
omplex) and the 
omplexIV 
yto
hrome 
 oxidase (C
O). Ele
tron transfer from NADH-CoQ to b
1-
omplex ismediated by the 
oenzyme ubiquinone Q. Ubiquinone also plays a role in the transferof ele
trons from FADH2 over 
omplex II to the b
1-
omplex. This rea
tion is part ofthe 
itri
 a
id 
y
le and takes 
ourse at the membrane 
omplex su

inate dehydroge-nase (SQR). SQR 
atalyzes the redu
tion of su

inate to fumarate and the ele
tronsgenerated from this rea
tion are transferred sequentially to ubiquinone thereby redu
-ing it to ubiquinol. The �nal transfer of ele
trons in the transport 
hain is to the
omplex IV (C
O). The transfer is mediated by its substrate 
yto
hrome 
.The ele
tron transport through all these 
omplexes is 
oupled to proton translo-
ation over the inner membrane of the mito
hondrion. Consequently, a di�eren
e inpH and ele
tri
al potential is formed between either side of the membrane. A

ordingto the Chemiosmoti
 Theory proposed by Mit
hell[84℄, this two fa
tors determine theproton-motive for
e driving the ATP-synthase to produ
e ATP from ADP and theanorgani
 phosphate Pi. 15
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tion1.2.3 Cyto
hrome 
 oxidase and a
tive proton transport

C-terminus

6xHis

Figure 1.6: Stru
ture of the two subunit C
O from P. denitri�
ans with a 6xHis-tagat the C-terminus of subunit I (blue) [61℄. Subunit II is shown in turqiouse.As already explained, the C
O is the terminal 
omplex of the ele
tron transport
hain in the mito
hondria. C
O 
atalyzes the redu
tion of O2 to 2H2O. The workpresented here will fo
us on the ba
terial 
omplex IV, the C
O from para

o
us deni-tri�
ans [78, 79, 124℄. The stru
ture of the protein from prokaryoti
 organisms is byfar less 
omplex 
ompared to the stru
ture of C
O from the mito
hondria. Moreover,geneti
 alteration of the proteins from prokaryoti
 organisms 
an be easly realized.Be
ause of the homology between the prokaryoti
 and the mito
honrial protein 
om-plexes and their identi
al fun
tionality, the results from experiments on membraneproteins from the ba
terial respiratory 
hain 
an be dire
tly related to the mito
hon-drial proteins.The C
O in this work in
orporates a 6xHist-tag at the C-terminus of subunit I.The His-tag was atta
hed through geneti
 modi�
ation. The protein 
omplex 
onsistof two heme 
enters, heme a and heme a3, and three 
opper ions denoted in twoCu 
enters, CuA and CuB. The CuA-domain 
omprises both the binding site for thesubstrate (
yto
hrome 
) and the ele
tron entry site of the C
O. The heme a3-CuBpair is the 
atalyti
 site of the 
omplex, i. e. where the redu
tion of O2 to 2H2O istaking pla
e. Therefore, during enzyme turn over four ele
trons from redu
ed 
yt 
 are
onse
utively transferred from CuA, over heam a, to the 
atalyti
 site of the 
omplex.16
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CuA

heam a

heam a3-CuB

Figure 1.7: Lo
ation of the ele
tron a

eptor sites in C
O from P. denitri�
ans relativeto the membrane surfa
es.Ele
tron transfer is 
oupled to an uptake of four substrate H+s and four translo
atedprotons H+p from the proton-input (N) to the output side (P). The overall rea
tion
atalyzed by C
O is
4 cytc+2P−side +O2 + 4H

+
s + 4H

+
p(N−side) Ð→ 4 cytc+3P−side +O2 + 2H2O + 4H

+
p(P−side) (1.13)In the R intermediate (Fig. 1.8b) the 
atalyti
 site was redu
ed by the uptake of twoele
trons forming the heme a3(Fe+2 )/Cu+B . Protons transfer was linked to this ele
trontransfer and resulted in two protons already present at the 
atalyti
 
enter and twoprotons pumped from N to P side. At this state the 
omplex is able to bind mole
ularoxygen. In a re
ent report [141℄ it was suggested that O2 is bound to CuB site beforethe A state is formed when O2 binds to the ferrous heme a3. The O-O bond is brokenin a 
on
erted rea
tion. To break the O-O bond, four ele
trons and at least one protonis required. Two of the ele
trons are donated by the heme a3 iron forming the ferrylstate (Fe+4 ). The sour
e of the additional ele
tron depends on whether heme a isoxidized, drawn as the dashed route to PM in the 
ir
le Fig. 1.8b, or redu
ed, the paththrough PR, when oxygen binds to the redu
ed 
atalyti
 site.The state of the 
atalyti
 site formed by the redu
tion either of the PM or PRintermediates is denoted as F. The di�eren
e between this two intermediates lays onlyin the tyrosinate radi
al formed at the 
atalyti
 site in the PM state but not in the PRstate. In both of this bran
hes the transfer of one ele
tron is 
oupled to the uptake

17
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(b)Figure 1.8: Pathways of (a) ele
tron and proton transfer in C
O. (b) Model of theenzymati
 
y
le of C
O. 18
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tionof two protons. One H+ is bound to the 
atalyti
 
enter and the other is pumpedfrom the N to the P -side. Transfer of an additional ele
tron (4th ele
tron) to the
atalyti
 site is again 
oupled to the uptake of two protons and the release of onepumped proton. This pro
ess results in the formation of the fully oxidized 
atalyti
site, denoted as O. The presen
e of additional redu
tant allow the transitions O→Eand E→R and the asso
iated proton uptake/pumping. Afterwards the enzyme returnsto the fully redu
ed state.The very details of the proton transfer pathway in C
O are still matter of 
urrentresear
h. However, it was Wikstr÷m who proposed the �rst model for the 
atalyti

y
le of C
O [139℄ in 1989 and whi
h was 
hallenged by Mi
hel [83℄ ten years later.Wikstr÷m and Verkhovsky �nally presented a new model for proton translo
ation inC
O from P. denitri�
ans [14, 140℄.Two pathways exists within the C
O 
omplex in order to dire
t protons from theN -side to the 
atalyti
 
enter. The same routes are utilized for proton pumping. Thepathways are denoted as the D-
hannel and the K-
hannel. The D-
hannel 
ontainswater mole
ules providing a 
ontinuous sequen
e of hydrogen bonds fa
ilitating protondi�usion by the Grotthus prin
iple [88℄. The K-
hannel provides two 
hemi
al protonsfor the redu
tion rea
tion at the 
atalyti
 site, whereas the D-
hannel provides both,the remaining two 
hemi
al protons and all four pumped protons per enzyme 
y
le.In this me
hanism protons are transferred along the pathway from one hydrogen bonddonor to the next hydrogen bond a

eptor until they rea
h the next site within the
hannel. In 
ontrast to what is expe
ted, the K and the D-
hannel do not adoptthe anti
ipated roles regarding the separation between pumped and 
hemi
al protons[62℄. Though this is true for some part of the 
hannel tra
k, there seems to be abran
hing point at the glutami
 a
id Glu286. This site fun
tions as a 'tra
k swit
h'.Water mole
ules in the pathway from Glu286 to the pump proton a

eptor and tothe 
atalyti
 site determine in an alternating manner, whi
h one of the pathways isopened and whi
h is 
losed [112, 140, 143℄.An additional 
hannel denoted as the H-
hannel was suggested for the mammalianC
O [87, 119℄. In this postulation, the H-
hannel is the transfer route for the pumpedprotons and the K and D-
hannels are providing the 
hemi
al protons. However, theH-
hannel is probably not important in the prokaryoti
 
ell and there are spe
ulationsthat the proton pumping pathways 
ould be di�erent for mito
hondrial and ba
terialC
O [132℄. 19
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tion1.2.4 The membrane potential
1/3

2/3

CuA

heam a

heam a3

CuB

H⁺ pump

H⁺ substrateFigure 1.9: The diele
tri
 depth of the redox sites in C
O. The ve
torial 
harge trans-port is indi
ated as red (e-transfer) and blue (proton transfer) arrows.Only the 
omponent perpendi
ular to the membrane surfa
e has an e�e
ton ∆φm.The 
atalyti
 rea
tion in C
O des
ribed so far is highly exorgeni
. The energyreleased during redu
tion of oxygen is 
onserved by the enzyme in the form of a ele
-tro
hemi
al di�eren
e (∆µH+). ∆µH+ 
omprises a 
hemi
al 
omponent ∆pH , di�er-en
e of proton 
on
entration a
ross the membrane, and a ele
tri
al 
omponent ∆φm,the transmembrane ele
tri
al potential di�eren
e (membrane potential). As alreadyexplained, this 
onserved energy is used by ATP-synthase to generate ATP. ∆pH a
-
umulates when C
O operates in the 
ontinuous turnover regime. In the transientregime, when a single C
O turnover is measured, ∆µH+ is dominated by its ele
tri
al
omponent ∆φm.The generation of ∆φm is driven by two me
hanisms: the ve
torial 
harge transportdetermined by the spatial distribution of the ele
tron a

eptor groups within the en-zymes diele
tri
. The se
ond me
hanism is proton pumping. Generally, the maximum
hange of ∆φm depends on the diele
tri
ally weighted distan
e that a 
harge travelsperpendi
ular to the membrane plane and to the number of the net 
harges trans-ferred. Based on the 
atalyti
 model des
ribed before (Fig. 1.8b), the stoi
hiometryof the ele
trogeni
 
harge transfer in C
O 
an be summarized in a system of linear20
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tiondi�erential equations (ODE) [10℄ of ∆φm a

umulated in the three main rea
tionssteps from fully redu
ed to fully oxidized state with the asso
iated rate 
onstants
R → OH → E → R.

H⁺
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H⁺
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e
rg
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a
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p
o
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Figure 1.10: S
heme of the ele
trogeni
 
harge transfer in C
O. The ele
tron transferis indi
ated with red arrows and the redu
ed site are red 
olored. Bluearrows are proton transfers. Ea
h steps 
auses a 
hange of membranepotential[8℄.
˙∆φ1
m = Q1 C k1 x1(t) − (k2 + k4)∆φ1

m

˙∆φ2
m = Q2 C k2 x2(t) + k2 ∆φ1

m − (k3 + k5)∆φ2
m (1.14)

˙∆φ3
m = Q3 C k3 x3(t) + k3 ∆φ2

m − k6∆φ
3
mThis system of ODEs 
an be solved dire
tly to give the time 
ourse of the transmem-brane potential during a single enzyme turnover

∆φm(t) = 3

∑
j=1

∆φj
m(t). (1.15)The parameters: Qj are the equivalent diele
tri
ally-weighted 
harges within a singleC
O and C is the 
onversion fa
tor used to translate Qj into a voltage. kj are theapparent rate 
onstants (Fig. 1.11) and xj the redu
ed 
on
entration of R, O, E states(Fig. 1.11). The transition from the fully redu
ed state to the fully oxidized R->O isdes
ribed by a single-exponential with k1 as the apparent rate 
onstant of the rea
tion21
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Figure 1.11: Formation and dissipation of the membrane potential shown within thekineti
 s
heme for the transition between the 
atalyti
 states in a singleturnover of C
O. The variables are des
ribed in the text [10℄.Investigation of ∆φm(t) in the transient regime yields detailed information aboutthe ele
tron transfer pro
ess in C
O.1.3 Aim of this WorkAs des
ribed in the previous se
tion, the self-generated membrane potential ∆φma
ross the membrane is 
losely asso
iated to the 
atalyti
 
y
le of C
O. The mem-brane potential in a ptBLM 
an be measured by �uores
en
e spe
tros
opy. In orderto dedu
e quantitative results from su
h investigations one has to perform 
alibra-tion measurements using de�ned ele
tri
al potentials applied to the model membranesystem. The aim of the work presented here was to perform su
h 
alibration measure-ments by �uores
en
e spe
tros
opy using a ptBLM with C
O. However, �uores
en
ete
hniques 
an not be applied on metal supports, utilized so far for the ptBLM. Strongquen
hing of emission light o

urs if the �uores
ent probe is lo
ated 
lose (2-3 nm) tothe metal surfa
e, whi
h is the 
ase in the ptBLM 
on�guration.Consequently, the ptBLM model system has to be developed on transparent 
on-du
ting substrates su
h as indium tin oxide (ITO). ITO enables simultaneous imple-mentation of ele
tro
hemi
al and �uores
en
e spe
tros
opi
 te
hniques. The primary
22



Chapter 1 Introdu
tionaim of this work was to develop the ptBLM system on ITO using 
yto
hrome 
 oxi-dase. On
e the model system was established, the membrane potential ∆φm, indu
edby applied external voltage 
ould be measured.The use of ITO as a support for the ptBLM also enables the appli
ation of otheropti
al methods, e.g. opti
al waveguide spe
tros
opy (OWS). Using OWS, more in-formation about the ptBLM 
an be derived, whi
h would not be a

essible by thete
hniques (SEIRAS/SERRS) applied so far on metal supports. For example, anotheraim of this work was to investigate the arrangement of the ptBLM on the ele
trodesurfa
e by multimode OWS, thereby also extending s
ope of interesting methods that
an be applied to the ptBLM system on ITO.One of the two strategies adopted during this work for the formation of a ptBLMon a transparent ele
trode was the development of a polymer support.The idea of using ma
romole
ules as a '
ushion' to mimi
 the 
ytosol/
ytoskeletonof the 
ell to 
reate a extended hydrophili
 spa
e between membrane and solid sup-port was �rst introdu
ed by Ringsdorf and Sa
kmann[66, 120℄. Sin
e then polymer-supported lipid membranes have been widely used, as do
umented in several major re-view arti
les[120, 127℄. However, they were mostly applied as a model system of the 
ellsurfa
e rather than a model system for ion transport through proteins. The restri
tedappli
ability of su
h systems is due to the fa
t that many of these polymer-supportedBLMs, as opposed to the oligo-supported tBLMs, do not ful�l the requirement knownfrom pat
h 
lamp te
hniques, the giga-seal, to separate the signal of the re
eptor fromthe leak 
urrent of the membrane. Highly insulating polymer-supported membraneshave been prepared, though in rare 
ases, a very smooth surfa
e of the hydrophili
 poly-mer 
ould be a
hieved[47, 82℄. Alternatively, spe
i�
ally designed lipopolymers wereemployed, whi
h were pre-oriented by the Langmuir-Blodgett te
hnique[89, 95, 106℄.However, the polymer-supported membrane having good ele
tri
al sealing propertiesremains a 
hallenge.A new approa
h in this dire
tion is the use of a polymer layer as a substrate forthe ptBLM developed previously on the basis of short linker mole
ules. Brie�y, thisapproa
h employs the protein immobilized on the substrate as a s
a�old for the mem-23



Chapter 1 Introdu
tionbrane re
onstituted around the protein. Consequently, the new methodology beginswith immobilizing the protein spe
i�
ally onto the top layer of the polymer. This
an be a
hieved by using a hydrogel as the polymer layer with mesh sizes smallerthan the size of the protein. The gel is provided with a binding motif su
h as aNTA fun
tionality 
helated with Ni+ ions designed to bind the protein via the his-tagte
hnology. Sin
e the protein is too big to penetrate the gel, it stays on the surfa
e.The lipid bilayer is then assembled around the protein. Ele
tron and ion transportpro
esses through the C
O have been observed in previous studies[35℄. In the presentstudy a hydrogel 
onsisting of poly(N-(2-hydroxyethyl)a
rylamide-
o-5-a
rylamido-1-
arboxypentyl-iminodia
etate-
o-4-benzoylphenyl metha
rylate)(P(HEAAm-
o-NTAAAm-
o-MABP)) was prepared by polymer analogous rea
tionsthat o�ers a NTA moiety to bind the C
O. Opti
ally transparent ITO layers were usedas 
ondu
ting substrates, di�erent from previous studies using metal �lms.
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Chapter 2Theoreti
al Prin
iples of theExperimental MethodsThe following 
hapter is intended to present the theory underlying the experimentalte
hniques that have been used for the 
hara
terization of the model membrane systemat di�erent steps of sample preparation. The �uores
en
e te
hnique used to measurethe membrane potential is des
ribed in 
hapter 4.2.1 Ele
tro
hemistryEle
tro
hemi
al measurements are used to investigate the ele
tri
al properties of modelmembrane systems on planar solid supports like gold, silver or transparent 
ondu
tingmaterials. Quantitative measurements regarding the 
ondu
tivity or the 
apa
itan
eof the membrane system 
an be performed. Su
h te
hniques also allow for the detailedinvestigation of ele
tron transfer pro
ess o

urring at the ele
trode-solution interfa
e.During this work two methods were applied out of numerous ele
tro
hemi
al te
h-niques.Ele
tro
hemi
al impedan
e spe
tros
opy (EIS) was used to 
hara
terise the ele
-tri
al properties of membrane systems, parti
ularly the protein-tethered bilayer lipidmembrane on ITO. Impedan
e and 
apa
itan
e of the membrane layer after ea
hpreparation step were determined by EIS. The values were used as a 
ontrol of thee�
ien
y of ea
h preparation step.Ele
tron transfer between the ele
trode and a surfa
e bound redox protein wereinvestigated by 
y
li
 voltammetry (CV). CV is an easy and fast, qualitative or semi-
25



Chapter 2 Theoreti
al Prin
iples of the Experimental Methodsquantitative method for the diagnosis of faradayi
 pro
esses at the ele
trode surfa
e.For example, by analyzing peak 
urrents and peak position as a fun
tion of the s
anrate ele
tro
hemi
al properties of redox spe
ies at the ele
trode surfa
e 
an be evalu-ated.2.1.1 The Ideally Polarizable Ele
trode (IPE) and the ele
tri
aldouble layerEle
trodes where no ele
tron transfer 
an o

ur at the metal-solution interfa
e aredenoted as ideal Polarizable ele
trodes, IPEs. In reality every ele
trode allows 
hargetransfer at the interfa
e at 
ertain potential ranges. For example, a mer
ury ele
trodein 
onta
t with a KCl solution undergoes transfer rea
tions at 0.25V.
Hg+Cl−< −−>1/2Hg2Cl

+
2eHowever, e.g. gold in a ele
trolyte solution behaves like an IPE within a 
ertainpotential range. Sin
e 
harges 
annot be transferred a
ross the interfa
e an ele
tri
aldouble layer is formed at its surfa
e.The double layer is divided into three regions extending from the ele
trode surfa
eto the bulk solution (Fig. 2.1). The �rst layer 
lose to the surfa
e, the inner Helmholtzplane (IHP), is formed due free 
harges a

umulating at the ele
trode surfa
e. As a
onsequen
e, a thin layer of 
harge 
ompensating ions from the solution adsorb to thesurfa
e. The IHP is the 
losest distan
e IIHP from the surfa
e, to whi
h the 
harge
ompensating ions approa
h. Ex
ess 
harge in the IHP are 
ompensated by 
ounterions from the solution phase, thereby forming the outer Helmholtz plane (OHP).The Gouy-Chapman double layer, or di�use double layer, is present if there arenot su�
ient ions in the outer Helmholtz plane to 
ompensate the surfa
e 
harge. In
on
entrated ele
trolytes the Gouy-Chapman layer is very thin and 
an usually benegle
ted.2.1.2 Ele
tro
hemi
al Impedan
e Spe
tros
opy (EIS)In re
ent years, EIS gained growing importan
e in the �elds of biophysi
s and bio-sensor te
hnologies. In order to explore the potential appli
ation of EIS as a transdu
er
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Guoy-Chapman Layer
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bulk solution

Figure 2.1: The ele
tro
hemi
al double layer formed at the ele
trode surfa
e. TheHelmholtz layer 
onsisting of the inner Helmholtz plane (IHP), outerHelmholtz layer (OHP). The di�usive layer is usually negle
ted.prin
iple in bio-sensing devi
es, e�orts were undertaken to develop appropriate sys-tems. Most of these systems are 
omposed of fun
tional proteins (e. g. ion 
hannels)as a
tual sensing elements in a lipid bilayer, that is supported by an ele
trode or a�eld-e�e
t transistor.A typi
al EIS experiment 
an be des
ribed as follows: The measurement is a

om-panied by theoreti
al 
onsiderations on an appropriate physi
al model of the studiedsystem. An equivalent 
ir
uit (mostly 
onsisting of 
apa
itors and resistors) is derivedfrom the model and is �tted to the measured spe
tra. This results in values for theresistors and 
apa
itors in the 
ir
uit that des
ribe the studied system in terms of theapplied physi
al model. The fundamentals of EIS and the equivalent 
ir
uits are �rstdes
ribed.The impedan
e Z is the extension of the 
on
ept of 
lassi
al ele
tri
al resistan
ein dire
t 
urrents (DC) to the 
ase of alternating 
urrents (AC). Additionally to the'resistan
e' of the 
ir
uit, Z also 
ontains the phase shift Θ of the AC 
urrent relativeto the AC voltage applied to the system. The phase shift is 
aused by 
apa
itiveor indu
tive 
ir
uit elements. In EIS, a sinusodial voltage with the amplitude E027
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Figure 2.2: The ele
tri
al impedan
e presented in a polar plot (a) showing real andimaginary part of Z as well as the phase shift Θ. (b) Example of thesinusodial potential E(t) applied and the 
urrent response I(t). The phaseshift is -45°.(Fig. 2.2)
Eω(t) = E0 sinωt (2.1)is applied to the ele
trode using small amplitudes (10-25mV) in order to avoid nonlin-earities in the 
urrent response of the sample/ele
trode system measured at sequentialfrequen
ies ω

Iω(t) = I0 sin(ωt +Θ) (2.2)The data is than analyzed in terms of Z, whi
h is de�ned as
Z(ω) = Eω(t)

Iω(t) = ∣Z(ω)∣ exp Θ(ω) = Z(ω)′ + Z(ω)′′ (2.3)The representation of impedan
e data di�ers throughout literature. The experimentalfo
us and the system under investigation determine the most instru
tive representa-tion. Two out of a variety of representations will be shown here in a brief summary,in order to visualise the di�erent 
hara
teristi
s. The aim of graphi
al data represen-tation is �rstly, to illustrate distin
t features of the system under study and se
ondly,to visualise 
hanges in these features.In the Bode plot (Fig. 2.4) the magnitude |Z| of the impedan
e (logarithmi
 s
ale)
28



Chapter 2 Theoreti
al Prin
iples of the Experimental Methodsand phase shift Θ of the 
urrent are plotted versus the frequen
y ω (logarithmi
 s
ale).
∣Z(ω)∣ = √Z ′(ω)2 +Z ′′(ω)2 (2.4)
Θ(ω) = arctanZ ′′(ω)/Z ′(ω) (2.5)The frequen
y normalized Admittan
e plot presents the imaginary part of the Admit-tan
e against the real part, where ea
h is normalized to ω.

Y (ω)/ω = 1

ωZ
= Y ′(ω)/ω + Y ′′(ω)/ω (2.6)For the analysis of EIS data equivalent 
ir
uit models are used in order to �t thedata. From su
h �tting pro
edures one 
an derive the parameters of the 
ir
uit ele-ments and, hen
e, the ele
tri
al parameters of the measured sample itself. The 
ir
uitelements used here are a ohmi
 resistor R, a 
apa
itor C and a 
onstant phase element(CPE). For a resistor the impedan
e is independent from frequen
y and equal to R,Z=R. The 
apa
itive impedan
e is frequen
y dependent and is de�ned as
ZC =



ωC
. (2.7)A CPE is used if the 
apa
itive element of the system 
annot be des
ribed by a normal
apa
itor. For example, surfa
e inhomogeneities on the ele
trode in the mi
ros
opi
s
ale will 
ause a distribution of 
apa
itan
e of whi
h the impedan
e 
an be model bya CPE as

ZCPE =
1(ω)αQ. (2.8)where α is the parameter between 0 and 1 representing the deviation from a normal
apa
itive behavior and Q a frequen
y independent real 
onstant. At α = 1 the CPEbe
omes a normal 
apa
itor and Q=C. In our measurements the value of α usuallywas between around 0.96.The total impedan
e, e.g. from the 
ir
uit introdu
ed in Fig. 2.3 
an be 
al
ulatedby using equations 2.7 to 2.8 For elements in series the total impedan
e of an equivalent
ir
uit is the sum of the individual impedan
e's and for elements in parallel the smallest
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iples of the Experimental Methods

Figure 2.3: Equivalent 
ir
uits for the analysis of EIS data. (a) A bare ele
trodesurfa
e in 
onta
t with a ele
trolyte solution with resistan
e Rel forms adouble layer 
apa
itan
e Cdl. (b) A diele
tri
 
oating on the surfa
e 
an bemodeled by a RC 
ir
uit. The 
ir
uit 
apa
itan
e is in general dominatedby the 
oating 
apa
itan
e C2. In the low frequen
y range C1, e.g. 
anbe attributed to the spa
er region (for tBLMs) or the depletion region forsemi-
ondu
tor ele
trodes.
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Chapter 2 Theoreti
al Prin
iples of the Experimental Methodsimpedan
e determines Z.
Zseries(ω) =∑

i

Zi(ω) (2.9)
Zparallel(ω) =∑

i

1

Zi(ω) (2.10)The 
ir
uit elements are sele
ted a

ording to the physi
al model implied. Themathemati
al equation represented by the model 
ir
uit is �tted to the data in Fig. 2.4.In the 
ase of an IPE in 
onta
t with a solution where no ele
tron transfer o

urs atthe ele
trode-solution interfa
e, the EIS spe
tra 
an be des
ribed by Fig. 2.3a.The 
apa
itan
e Cdl is attributed to the Helmholtz double layer formed at theinterfa
e. A

ording to eq. (2.9) the smallest 
apa
itan
e in a series of 
apa
itorsdetermines Z. For semi 
ondu
tors (see next se
tion) where the 
apa
itan
e of thedepletion region Cs
, or spa
e 
harge region, 
an be several orders of magnitude lessthan the double layer 
apa
itan
e, Cdl is substituted by Cs
. Rel is the ele
trolyteresistan
e.If the ele
trode is 
overed by a diele
tri
 layer permeable to ions the system 
an bedes
ribed by a so-
alled RC 
ir
uit Fig. 2.3b, whi
h is the most 
ommon 
ir
uit usedto model diele
tri
 layers like BLMs on planar ele
trodes. The resistor Rel is in seriesto a RC element (resistor R and 
apa
itor C in parallel). The overall impedan
e ofthis 
ir
uit 
an be written as
ZRC = Rel + (ωC + 1

R
)−1 + (ωCsc)−1 (2.11)For better understanding of the mathemati
al �tting of the 
urves, a brief introdu
-tion based on the RC model is given in the following, on how to extra
t preliminaryvalues from the Bode and Admittan
e plot. In Fig. 2.4 a typi
al data set for an RCequivalent 
ir
uit is presented. Phase and impedan
e are overlaid to allow easier inter-pretation and distin
tion of the dominating e�e
ts in the Bode plot. The impedan
eshows one region with a positive slope in the frequen
y range 0.03Hz to 4 kHz. Theseregions are a

ompanied by a phase shift of -90°, whi
h shows that the impedan
e inthese frequen
y range is purely 
apa
itive. In these region, the 
urrent is dominatedby resistive e�e
ts, and by extrapolating through the �at region, a preliminary valuefor the impedan
e of the diele
tri
 + ele
trolyte 
an be obtained. For resistors in
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Figure 2.4: Ele
tro
hemi
al impedan
e spe
tra presented in the (a) Bode and (b) Ad-mittan
e plot. The data was simulated using the model in Fig. 2.3b:C=0.5 µF/
m2, R=5MW⋅
m2 and [R℄[el℄=100W⋅
m2. The Helmholtz dou-ble layer 
apa
itan
e was set to 50 µF/
m2. The spe
tra of an RC equivalent
ir
uit 
an be divided into three distin
t se
tions I, II and III (see text).the 
ir
uit, the impedan
e is equal to the resistan
e, so this value dire
tly gives anapproximation of the resistan
es of the system under study. The high frequen
y re-sistan
e is usually the ele
trolyte resistan
e Rel. So the Bode representation gives adire
t measure of the resistors under study, but no dire
t value for the 
apa
itors 
anbe inferred.Therefore, the Admittan
e plot Fig. 2.4b is introdu
ed to give information aboutthe number and value of the 
apa
itors in the system. This plot is not frequen
ydependent, as the real and imaginary parts of the admittan
e are frequen
y normalisedbefore plotting. In the Admittan
e plot of Fig. ?? two semi 
ir
les are shown, ea
hrepresenting a 
apa
itor. The interse
tion point at the imaginary axis yields a valuefor ea
h 
apa
itan
e of the system. In this 
ase, where the data in Fig. 2.4 weresimulated using the RC in Fig. ??, the lower 
apa
itan
e is attributed to C1 and thehigher to C2.If two 
apa
itors are present in the equivalent 
ir
uit a se
ond slope o

urs (Fig. 2.5)in the Bode plot. Two spe
tra are drawn in Fig. 2.5, 
orresponding to an example ofdata for the formation of a tBLM. This time the 
ir
uit elements are assigned to theele
tri
al properties of the BLM: Rm membrane resistan
e, Cm membrane 
apa
itan
eand Csr the 
apa
itan
e of the spa
er region formed by the tethering moities belowthe membrane. The 
apa
itan
e of the spa
er region dominates over Cdl. From the32
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Figure 2.5: Examples of EIS spe
tra presented in the Bode (a) and Admittan
e plot(b). The spe
tra were simulated using literature values for a tBLM forma-tion on a planar ele
trode.position in the Bode plot it is possible to tell that the low frequen
y 
apa
itan
e Csrhas a higher value than Cm showing up in the higher frequen
y domain. Additionally,the impedan
e shows a �at area with low phase angle in the high frequen
y domainaround 0.1Hz. Here, the example shows a 10 fold higher resistan
e for the bilayer
ompared to the spa
er region.In the Admittan
e plot, the �rst (spa
er region) and last (bilayer) data set arepresented, ea
h showing two semi-
ir
les. The �rst semi- 
ir
le is interse
ting they-axis at 1µF for the the spa
er region, the se
ond at 0.25µF for the bilayer (insetin Fig. 2.5b). Thus, this values 
an be dire
tly assigned to the spa
er region andbilayer respe
tively. For the bilayer, the se
ond semi-
ir
le is not 
ompleted, but anextrapolation towards the y-axis shows that this 
apa
itan
e remains the same as forthe spa
er region, as it interse
ts at the same value attributed to Csr. In this spe
ial
ase, the values obtained from the plots Fig. 2.5 are exa
tly the values used for thesimulation. In reality, this pro
edure gives a �rst approximation of the values beforethe �t and the preliminary values are used as starting parameters likewise.The elements for equivalent 
ir
uits have to be sele
ted by 
onsidering the stru
tureand the dominating ele
tri
al e�e
ts of the system. As there are many possibilities ofassembling model 
ir
uits and many more elements than simple resistors and 
apa
i-tors that 
an mimi
 e�e
ts of natural non-ideal systems, the variety of interpretationof the EIS data is huge. However, the 
areless assembly of equivalent 
ir
uits withmany elements often results in misinterpretation.33



Chapter 2 Theoreti
al Prin
iples of the Experimental MethodsAs many minor pro
esses 
ontribute to the systems response that 
an not be dis-
riminated by the analysis, the model might not perfe
tly �t the spe
tra in all points.On the other hand, the 
hara
teristi
s of a more 
omplex model, espe
ially when 
om-posed from a large number of elements, are rarely unique. Consequently, a simplemodel should be preferred over a too 
ompli
ated one, to get reprodu
ible e�e
ts andmore reliable results. Only the simplest 
ir
uit 
an be said to be unambiguous in itsdes
ription of the experimental data.2.1.3 Cy
li
 voltammetryCy
li
 voltammetry (CV) is a ele
tro
hemi
al method for the analysis of surfa
e boundor freely di�using redox spe
ies. It enables fast quantitative analysis of ele
trodepro
esses. From CV measurements one 
an provide insight into the thermodynami
sand kineti
s of redox pro
esses. The redox peaks in the CV 
urves usually appear atvery well de�ned potentials whi
h 
an readily be evaluated to give detailed informationabout the properties of redox systems.In a CV experiment a linearly 
hanging potential is applied to the working ele
trode.The dire
tion of the linear s
an is swit
hed to the negative slope at a 
ertain timeor a de�ned swit
hing potential E1. A 
omplete CV sweep is a

omplished whenthe starting potential has been rea
hed after a se
ond swit
hing at E2. The 
urrent�owing through the system is re
orded during the potential s
an. A typi
al CV s
anis presented in Fig. 2.6.The 
urrent measured during the CV s
an originates from Faradayi
 and Non-Faradayi
 pro
esses.Non-Faradayi
 
urrents result form the reorganization of ions at the ele
trode-solution interfa
e and are also denoted as 
apa
itive 
urrents IC. If the potentialwaveform is des
ribed by a triangular shape E = Estart ± νscant where νscan is the s
anrate and Estart the starting potential, then the 
urrent 
an be written as
IC = Estart/Re ⋅ exp−t ⋅C/Re + ν ⋅C(1 − exp−t ⋅C/RS) (2.12)and Re is the ele
trolyte resistan
e. The di�eren
e in IC between ba
kward and forwardsweep is IC = 2νC.
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Figure 2.6: A typi
al 
y
li
 voltammogram showing a fully reversible ele
tron transferpro
ess: EC 
athodi
 and EA anodi
 peak potential. E1, E2 swit
hing po-tentials, E0 redox potential. The applied potential in CV has a triangularwaveform (inset). Pi
ture from [57℄.Faradayi
 
urrents originate from heterogeneous ele
tron transfer at the ele
trode-solution interfa
e
O + e− ÐÐ⇀↽ÐÐ R (2.13)The form of the CV s
an is thereby determined by the mass transport to and from theele
trode and the heterogeneous ele
tron transfer at the ele
trode itself. The later isdes
ribed by the fundamental equation from the ele
tro
hemi
al kineti
s theory, theButler-Volmer equation

jA(0, t) = cO(0, t)k0 exp{−αnF /RT (E−E0)}−cR(0, t)k0 exp{−(1−α)nF /RT (E−E0)}(2.14)the parameters are; k0 standard rate 
onstant, α transfer 
oe�
ient, E0 formal po-tential and CR(0,t),CO(0,t) the 
on
entration of redu
ed and oxidized spe
ies at theele
trode-solution interfa
e respe
tively. CR(0,t),CO(0,t) are di�erent than CR,CO inthe bulk solution leading to a di�usion 
ontrolled mass transport whi
h is des
ribedby Fi
ks law of di�usion, whi
h in turn 
auses a 
urrent
jA(0, t) = −DR,O(∂CR,O

∂x
)x=0 (2.15)If the heterogeneous ele
tron transfer is fast in terms of k0 (>0.1 
m/s), an equilib-rium is rea
hed at the phase boundary and the pro
ess is denoted as reversible ele
tron35



Chapter 2 Theoreti
al Prin
iples of the Experimental Methodstransfer, eq. (2.14) simpli�es then to the Nernst equation
E = E0

+

RT

nF
ln
CO

CR

(2.16)and the surfa
e 
on
entrations CR(0,t),CO(0,t) dependent only on the applied potentialE. The position of the redox peaks be
ome independent from the s
an rate and thepeak separation is 
onstant ∆E = ∣EA −EC ∣ = 59
n
mV .2.2 EllipsometryEllipsometry is based on the dete
tion of the 
hange of the polarization state of lightre�e
ted from a surfa
e. This te
hnique is well-known for the measurement of theopti
al 
onstants and the thi
kness of thin �lms on various substrate materials like Si,Ge, GaAs, or metalli
 and polymeri
 layers. By theory, the sensitivity of ellipsometri
te
hniques 
an go down to angstr÷ms. Therefore it is often applied in-situ in the �eldof material s
ien
e of soft matters, e.g. to study monolayers of biologi
al 
omplexesor the 
hara
terization of surfa
e fun
tionalization methods.Though the whole potential was not utilized throughout the experiments, ellip-sometry was employed in order to measure thi
kness and the refra
tive index of thinfun
tional layers on a transparent substrate. Moreover, protein immobilization wasfollowed by kineti
 ellipsometry. A brief introdu
tion into the fundamentals of ellip-sometry measurements and the opti
al modelling of the data are given here.Polarized Light in Ellipsometry. The temporal and spatial evolution of an ele
-tromagneti
 wave is des
ribed mathemati
ally by the wave equation derived from theMaxwell equations. A

ording to the standard physi
s 
onvention a useful solution ispresented by an orthogonal set of mono
hromati
 plane waves propagating along thez-axis

E⃗(t) = Re⎧⎪⎪⎨⎪⎪⎩
⎛
⎝
Ex

Ey

⎞
⎠ exp (kzz − ωt)

⎫⎪⎪⎬⎪⎪⎭ (2.17)with the dispersion relation kz = ω
c

√
ǫ. The plane waves solution 
an be rewritteninto a more 
onvenient form by 
hoosing the z=0 base of the 
oordinate system todes
ribe the polarization state of the light (Fig. 2.7). For ellipti
 polarized light eq.
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Figure 2.7: Polarization ellipse des
ribed by the ellipsometri
 parameters ∆ and Ψ.The propagation of the light is in z-dire
tion.2.17 be
omes than
E⃗(t) = Re⎧⎪⎪⎨⎪⎪⎩

⎛
⎝
Xe∆

Y

⎞
⎠ exp−ωt

⎫⎪⎪⎬⎪⎪⎭ . (2.18)Two parameters are introdu
ed here in order to des
ribe the ellipsometri
 data: ifthe ps-
oordinate system is 
hosen, i.e. p-axis is parallel and the s-axis is perpendi
ularto the in
ident plane (Fig. 2.8), than Ψ be
omes the ratio of the absolute amplitudesX and Y whi
h 
an be de�ned in the usual way by
P

SFigure 2.8: S
hemati
s of the p-s-
oordinate system and the polarization plane of el-lipti
 polarized light re�e
ted from a surfa
e.
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tanΨ =

X

Y
. (2.19)The parameter ∆ des
ribes the phase di�eren
e between the x and the y-os
illationsof the ele
tri
 �eld. When the light is re�e
ted from the sample at an in
ident angle

θ the polarization state des
ribed by these parameters is 
hanged. In the experiment
∆ and Ψ have to be related to the material 
onstants of the sample, whi
h 
an bereadily done for isotropi
 materials by the ellipsometri
 parameter ρ

ρ =
Rp

Rs

= tanΨe∆. (2.20)Rp and Rs are the Fresnel re�e
tion 
oe�
ients for the p and s-polarization respe
-tively. The aim of an ellipsometry measurement is to determine the 
hange of ∆and Ψ upon re�e
tion from the sample surfa
e. The re�e
tion 
oe�
ients are derivedthrough the Transfer Matrix Method. For the general 
ase, given by a sta
k of thin�lms on a substrate in ambient air, the re�e
tion 
oe�
ients 
an be derived from thematrix multipli
ation (Fig. 2.9)
Ms = χs,air ( N

∏
j=1

Tj,s)χs,sub, Mp = χp,air ( N

∏
j=1

Tj,p)χp,sub (2.21)where χair, χsub are 
hara
teristi
 matri
es in p and s for the ambient and the
...

j=1 j=2 j=N

Χsub substrate

Tj,p 

Χair ambient

Tj,s 

p

sFigure 2.9: S
hemati
s of a light beam re�e
ted from a sta
k of N layers. The transfermatrix relates re�e
ted �eld amplitude from one layer to the �eld ampli-tude in adja
ent layers.substrate[1, pp.247℄. The produ
ts in the bra
es des
ribe the alteration of the re-�e
ted and transmitted light beam at ea
h interfa
e of the layer sta
k and Tj,s, Tj,sare the 
orresponding Transfer Matri
es in p and s-polarization a

ording to the Abelés38
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Tj,s =

⎛
⎝

1 −
cos θj
ñj

bj


ñj

cos θj
bj 1

⎞
⎠ , Tj,p =

⎛
⎝

1 
ñj

cos θj
bj

ñj cos θjbj 1

⎞
⎠ (2.22)The parameters are as following: bj = 2πd

λ
ñj cos θj is the phase fa
tor, θj is the in
identangle at the jth interfa
e, nj = nj − κj the 
omplex refra
tive index of the jth layer.The relation 2.22 is only valid for very thin �lms, d ≪ λ, i.e. the �lm thi
kness d issmaller than the wavelength λ of the in
ident light, The re�e
tion 
oe�
ients in 2.20than 
an be 
al
ulated from the matri
es in 2.21 through their matrix elements

Rp =
M21,p

M11,p

Rs =
M21,s

M11,s

. (2.23)Using an appropriate layer model refra
tive index and �lm thi
kness 
an be derivedemploying one of the various nonlinear �tting methods, e.g. the Levenberg-Marquardtalgorithm. Most of the automati
 ellipsometry systems 
ommer
ially available todayo�er a built in data analysis framework, where the layer model is �tted to the rawdata (∆,Ψ) on the basis of (ñ,d) of the layer investigated.PCSA Ellipsometer. Di�erent ellipsometer setups exist in order to investigate thinlayers on various substrates. Here, the polarizer-rotating 
ompensator-sample-analyzer
on�guration (PCSA) will be des
ribed. The same 
on�guration was also used duringthis work.
θC

θPol

θA

polarizer

compensator

sample

analyzer

detector

Figure 2.10: The polarizer-rotating 
ompensator-sample-analyzer 
on�guration of anellipsometer.In the PCSA s
heme the light beam goes through the polarizer P in �rst pla
e39



Chapter 2 Theoreti
al Prin
iples of the Experimental Methods(Fig. 2.10). Note that the transmittan
e of the polarizer to unpolarized or ellipti
alpolarized light is independent of the azimuth θPol of the polarizer. The wave rea
hesthe 
ompensator with a de�ned polarization state expressed in the 
omplex amplitudeEP. The azimuth of the 
ompensator is θC . The wave in
ident on the 
ompensatoris than a superposition of the 
omponents along the fast EPol cos(θPol − θC) and theslow axes EPol sin(θPol − θC) of the 
ompensator (Fig. 2.10) so that the transmittedamplitude be
omes
Efast = EPol cos(θPol − θC), Eslow = EPol sin(θPol − θC) (2.24)and tfast, tslow are the 
omplex transmission 
oe�
ients of the 
ompensator alongthe fast and the slow axis respe
tively. In order to des
ribe the wave re�e
ted fromthe surfa
e, it is 
onvenient to apply a transformation from the fast-slow axis of the
ompensator to the ps-
oordinates of the in
ident plane. Using 2.24 the amplitudesErp, Ers of the re�e
ted wave than 
an be written as

⎛
⎝
Erp

Ers

⎞
⎠ =
⎛
⎝
Rp

Rs

⎞
⎠
⎛
⎝
cos θC sin θC

− sin θC cos θC

⎞
⎠
⎛
⎝
Efast

Eslow

⎞
⎠ . (2.25)After passing the analyzer the �eld amplitude at the dete
tor is determined by the�eld amplitude EA along the dire
tion of the azimuth θA of the analyzer

⎛
⎝
EA

0

⎞
⎠ =

⎛
⎝
T

0

⎞
⎠
⎛
⎝
cos θA − sin θA

sin θA cos θA

⎞
⎠
⎛
⎝
Erp

Ers

⎞
⎠

EA = Erp cos θA +Ers sin θA (2.26)where T is the 
omplex transmittan
e of the analyzer and usually 
lose to 1, whi
hleads to 2.26. The intensity dete
ted is proportional to ∣EA∣2.The so-
alled 'Null Ellipsometry' allows a fairly simple determination of the ellip-sometri
 parameters (∆,Ψ) using the PCSA 
on�guration. The term 'Null' ref errsto the aim to extinguish the light at the dete
tor by �nding the right settings of po-larizer, 
ompensator and analyzer, thus setting EA=0 in eq. 2.26. Using eq. 2.20 and
40



Chapter 2 Theoreti
al Prin
iples of the Experimental Methods2.24-2.26 one than obtains
ρ =

τC tan(θ′Pol − θ
′
C) + tan θ′C

tan(θ′Pol − θ
′
C) tan θ′C − 1 tan θ′A (2.27)where τC = tslow

tfast
= tanΨCe∆C is the transmission 
oe�
ient ratio for the 
ompensatorde�ned similarly to the re�e
tion 
oe�
ient ratio of the sample in eq. 2.20. Theazimuths θ′Pol, θ
′
C , θ

′
A are the parti
ular settings of the 
omponents where EA=0. Avery simple s
heme 
an be employed if a quarter wave is utilized as a 
ompensator.In this 
ase, where τc = , the 
ompensator is set to a 
onstant azimuth θC = π/4 andthe equations are further simpli�ed. The EA=0 
ondition yields two sets of solutions

θ1Pol, θ
1
A and θ2Pol, θ

2
A whi
h are related to ea
h other by θ2Pol = ±θ

1
Pol and θ2A = −θ1A. Theellipsometri
 parameters 
an be derived from this solutions using eq. 2.27 and 2.20

Ψ = θ1A, ∆ = 2θ1Pol + π/2. (2.28)In automati
 ellipsometry setups the software tends to �nd the intensity minimaat the dete
tor by varying the azimuth of polarizer and analyzer. This pro
edure isperformed at an 
ompensator azimuth set to π/4 and is repeated with the 
ompensatorat −π/4. The measured (∆,Ψ) pairs are �tted using the equations 2.23 for Rp,Rs.2.3 Opti
al Waveguide Spe
tros
opyPlanar integrated opti
al waveguides have been widely used in a variety of experimen-tal 
on�gurations for opti
al 
hara
terization of organi
 thin �lms. OWS is similarto surfa
e plasmon resonan
e spe
tros
opy, whi
h is another label-free te
hnique thathas been widely used for measuring opti
al parameters of thin �lms on noble metalsurfa
es. SPR as well as OWS have been employed extensively for studies of modelbio-interfa
es, e.g. monitoring binding of protein 
omplexes to fun
tionalized surfa
es.In terms of instrumental design, both methods are identi
al and essentially pra
ti
edin two distin
t modes:1. angular mode: a thin diele
tri
 layer on on the surfa
e 
hanges the boundary
onditions of the propagating mode at the metal/diele
tri
 interfa
e and, hen
ethe angle at whi
h the opti
al modes are ex
ited (resonan
e angle). This shiftof the resonant angle 
an be dete
ted by varying the angle of in
iden
e of a41



Chapter 2 Theoreti
al Prin
iples of the Experimental Methodsmono
hromati
 light beam to the sample and dete
ting the intensity of there�e
ted light. This is also the mode used during this work employing theKrets
hmann 
on�guration (see below).2. spe
tral mode: the resonant wavelength at whi
h the opti
al modes are ex
itedis monitored using a poly
hromati
 light sour
e in
ident at a �xed angle.One eminent advantage of OWS 
ompared to SPR is that, depending on the designof the waveguide, multiple opti
al modes denoted as TMm (p polarized) and TEm (spolarized) 
an be ex
ited. Consequently, more than one opti
al parameter of the thin�lm layer 
an be determined from one experiment. For example, if the layer has ananisotropi
 index OWS allows the probing of di�erent 
omponents of the diele
tri
tensor.
cladding, nc

substrate, ns

core, n0

z

x

yFigure 2.11: Slab opti
al waveguide.The propagation 
onstants of the guided modes 
an be derived from wave opti
s.The derivation of the dispersion equation only for the TE modes will be des
ribed,sin
e the approa
h for TM modes is analog. The plane-wave solution of the Maxwellequations for wave propagation in a planar waveguide is used. The slab opti
al waveg-uide is depi
ted in Fig. 2.11. Considering y-symmetry of the equations, ∂E⃗y/∂y = 0,
∂H⃗y/∂y = 0, the TE mode propagating in the slab then satis�es the following equationsin
luding the wave equation

d2Ey

dx2
+ (k2n2

− β2)Ey = 0 (2.29)
Hx = −

β

ωµ0

Ey (2.30)
Hz = 

1

ωµ0

dEy

dx
(2.31)

Ez = Ex =Hy = 0. (2.32)
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Chapter 2 Theoreti
al Prin
iples of the Experimental Methodswith k,ω,µ0 and n as the usual parameters. β and κ are the propagation 
onstants inz and x-dire
tion respe
tively. They are expressed by
β = kn0 cos θ (2.33)
κ = kn0 sin θ (2.34)where n0 is the refra
tive index of the 
ore and θ the in
lination angle of the propa-

X

nc

n0

ns

Figure 2.12: Refra
tive index pro�le a
ross the slab in the x-dire
tion.gating wave. For a uniform refra
tive index pro�le in the 
ore of the slab waveguide(Fig. 2.12), as well as the 
ladding and substrate, one gets solutions of the waveequation (2.29) in the three diele
tri
a of the slab
Ey =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

A cos(−κa − θ)e−σ(x−a) x > a, 
ladding
A cos(−κx − θ) −a ≤ x ≤ a, 
ore

A cos(−κa + θ)e−ξ(x+a) x > a, substrate (2.35)d=2a is de�ned as the thi
kness of the waveguide. As 
an be seen from Ey for thesubstrate and the 
ladding, the �elds outside the 
ore should be exponentially de
ayingwithin the 
ladding and the substrate in order to 
on�ne most of the light energy inthe 
ore. κ, σ and ξ are the wave numbers along the x-axis of the 
ladding, 
ore andsubstrate respe
tively
κ =

√
k2n2

c − β
2 (2.36)

σ =
√
β2
− k2n2

0 (2.37)
ξ =

√
β2
− k2n2

s (2.38)43



Chapter 2 Theoreti
al Prin
iples of the Experimental MethodsIf exponentially de
aying �elds outside the 
ore are required, then β and κ need to bereal, 
onsequently the solution should satisfy following 
ondition
ns ≤

β

k
≤ nc (2.39)where β/k is a dimensionless value relating the wave velo
ity in a va
uum to that inthe waveguide, hen
e, playing the role of a refra
tive index. In literature it is oftendenoted as the e�e
tive refra
tive index Ne�=β/k. Ne� will also be the parametermeasured during some experiments in this work.Finally, the 
ontinuity 
ondition for Ey and Hz leads to the eigenvalue equations

u =
mπ

2
+

1

2
tan−1(w

u
) + 1

2
tan−1(v

u
) (2.40)

θ =
mπ

2
+

1

2
tan−1(w

u
) − 1

2
tan−1(v

u
) (2.41)where new wave numbers are introdu
ed: u=κa, w=ξa and v=σa. Solving the eigen-value problem gives θ and with it the propagation 
onstant β, whi
h in turn yieldsNe�. Graphi
al or numeri
al methods 
an be employed in order to solve (2.40) whi
hwill not be dis
ussed here. More importantly, the value of Ne� 
hanges signi�
antly ifa thin ad-layer is adsorbed in the 
ladding region of a slab, or in generally speaking,if the opti
al 
onstants in the 
ladding are 
hanged. In this respe
t, OWS is a verysensitive method for the investigation of thin ad-layer on the waveguide. In the follow-ing it will be explained, how the 
hange of Ne� 
an be dete
ted using the Krets
hman
on�guration for the OWS measurements.Krets
hmann Con�guration In order to be able to ex
ite waveguide modes onehas to realize the resonant 
ondition where ex
iting light and waveguide mode are inphase. In general, this 
an also be des
ribed as following: for e�
iently 
oupling alight wave from one medium to another two 
onditions have to be met. First, thewave velo
ities in the two media must be the same and, se
ond, the length along the
oupled boundary must be adjusted a

ording to the strength of the 
oupling. Oneway to meet the �rst 
riterion, the phase-mat
hing, is to use a prism as illustrated inFig. 2.13a. The se
ond 
ondition 
an be met easily by adjusting the prism base onthe waveguide. The z-
omponent kz of the wave ve
tor k⃗ph of the in
ident wave at theprism base will be kx = kphnp sinφ with np as the refra
tive index of the prism and φ44



Chapter 2 Theoreti
al Prin
iples of the Experimental Methodsthe angle of in
iden
e at the prism-waveguide boundary. The z-
omponent of the mthwaveguide mode has been denoted as the propagation 
onstant βm before. This twowave numbers have to mat
h in order to satisfy the �rst 
ondition, leading to
βm = knp sinφm (2.42)and therefore to Nm,e�. For φ above the 
riti
al angle, an evanes
ent �eld with anexponential de
ay into the dire
tion of the waveguide exist at the prism base. Uponphase-mat
hing, light energy from the in
ident wave is 
ontinuously fed into the waveg-uide. The intensity of the light re�e
ted from the prism base will de
rease. If φ isadjusted 
ontinuously while measuring the re�e
tan
e from the prism base the 
urvewill show several sharp minima, whi
h 
an be assigned to the ex
ited waveguide modes(Fig. 2.13b). The angles φm at the minima are the resonan
e angle for the mth mode.

φm will shift if the opti
al 
onstants of the layer adja
ent to the waveguide 
hange.As already mentioned, this shift allows the determination of the opti
al 
onstant andthi
kness of the ad-layer investigated. Therefore, the re�e
tan
e data are �tted on thebasis of a multi-layer model. In the experiments presented here, the Fresnel equationswere used for �tting in order to derive Nm,e� for a ptBLM on an ITO waveguide. A
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(b)Figure 2.13: The Krets
hmann 
on�guration for the ex
itation of opti
al waveguidemodes through a thin gold layer.thin gold layer was introdu
ed between the base of the prism and the waveguide layer.The metal layer was thin enough (40 nm) in order to avoid the 
omplete damping of45



Chapter 2 Theoreti
al Prin
iples of the Experimental Methodsthe evanes
ent �eld at the prism base. Two purposes were served by the metal �lm1. 
oupling of the harmoni
 wave through the metal �lm to the waveguide modes.A neat des
ription of this phenomena 
an be served by quantum me
hani
s.The solution of the S
hrödinger equation is the same as the solution presentedabove. It des
ribes an evanes
ent wave at the prism base and an os
illatingwave between prism and waveguide (leaky-mode)[122, 129℄. The gold layer 
anbe treated as a potential wall of �nite height and width. This gives rise to there�e
tion by anti-tunneling and the 
oupling into and out of the waveguide bytunneling. The 
oupling e�
ien
y (depth of the minima in the re�e
tan
e data)depends than on the width of the potential wall, or in other words the thi
knessof the gold layer.2. the waveguide 
ore is sandwi
hed by two layers of lower refra
tive index. Thissatis�es (2.39) for a bound opti
al mode in the waveguide 
ore.
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Chapter 3Development of a MembraneModel System on TransparentSubstratesThe self-generated potential di�eren
e ∆φm a
ross the membrane is 
losely asso
iatedto the 
atalyti
 
y
le of C
O. ∆φm generated by C
O 
an be measured by �uores
en
espe
tros
opy. As already elu
idated in se
tion 1.3, in order to be able to perform 
ali-bration measurements by �uores
en
e spe
tros
opi
 te
hniques, a transparent 
ondu
-tor has to be utilized as a substrate, sin
e �uores
en
e spe
tros
opy is not appli
ableon metal supports due to the strong quen
hing of emission light.Therefore, a ptBLM model system has to be developed on transparent 
ondu
tingsubstrates su
h as indium tin oxide (ITO). ITO enables simultaneous implementationof ele
tro
hemi
al and opti
al methods su
h as �uores
en
e spe
tros
opy and opti
alwaveguide spe
tros
opy (OWS).The formation of ptBLMs on ultra smooth metal �lms had been des
ribed previ-ously [2, 33, 38℄. A

ording to this pro
edure the gold or silver surfa
e was modi�edusing a sulfur fun
tionality bearing a
tive ester (DTSP), followed by 
oupling with N-(5-Amino-1-
arboxypentyl) imino-dia
eti
 a
id (ANTA) and 
omplexation with Ni 2+ions. The protein was bound to the surfa
e thus prepared via a 6xHis-tag, atta
hedto one of the subunits. Subsequently, a lipid bilayer was formed around the proteinby in-situ dialysis.An equivalent pro
edure had to be established for oxidi
 surfa
es su
h as ITO orsili
on dioxide. For this purpose the oxidi
 surfa
es were fun
tionalized by silanization
47



Chapter 3 Development of a Membrane Model System on Transparent Substrateswith silane mole
ules designed for ANTA 
oupling. Alternatively, a polymer layer wasprepared on the silanized surfa
e, provided with a
tive ester fun
tionality also designedfor ANTA 
oupling.Both strategies were applied in this work. In the �rst instan
e the binding andre
onstitution of C
O on silanized sili
on wafer will be des
ribed. Sili
on wafer surfa
es
onsist of a naturaly grown sili
on dioxide layer. This system o�ers a proper platformto verify and test the ptBLM on silanized semi
ondu
ting surfa
es. Then the ptBLMon silanized ITO will be introdu
ed before the ptBLM on hydrogel 
oated ITO willbe presented.3.1 Protein-tethered BLM on Sili
on WaferDue to its very low roughness the sili
on wafer is an ideal model of an oxidi
 sur-fa
e. For the immobilization and re-
onstitution of C
O p-doped Si was 
hosen as asubstrate. The surfa
e 
onsisted of a naturally grown SiO2 layer whi
h usually had athi
kness of 2 nm. After silanization and ANTA 
oupling the protein was adsorbed tothe surfa
e and re-
onstituted into a lipid bilayer membrane.3.1.1 Self-assembly of the NHS-Silane monolayerIt is well known that many parameters determine the properties of a silane monolayerdeposited by self-assembly from liquid phase: the surfa
e 
overage of hydroxyl groupsdetermined by the pretreatment of the surfa
e, the molar ratio of water to silanein the solution, the in
ubation time and the temperature[28℄. Con
erning the �rstfa
tor, pretreatment of the surfa
e by hydroxylation, di�erent pro
edures were alreadyapplied. A very 
ommon way is to use fresh piranha solution based on sulfuri
 a
idor ammonium hydroxide. Using Ar+ plasma is an alternative way. Plasma 
leaning,as will be shown here, does deteriorate the sili
on surfa
e and thereby in
reases thesurfa
e roughness, whi
h also is a 
ru
ial point for silanization. Monolayer on surfa
eswith in
reased roughness are less de�ned and have a redu
ed reprodu
ibility[17℄. Toexamine the e�e
t of Ar+ plasma 
leaning sili
on samples were treated for 10min in aplasma 
leaner with 10:1 Ar+/ O2 pressure ratio. AFM s
ans before and after treatmentwere re
orded and 
ompared. The RMS value in
reased slightly from 0.14 nm for a
lean untreated surfa
e to 0.16 nm for the plasma treated surfa
e. Hen
e, to avoid48



Chapter 3 Development of a Membrane Model System on Transparent Substrates

Figure 3.1: NHS-silane stru
ture and binding to the oxide surfa
e of a sili
on waferpretreated using piranha solution.in
rease of surfa
e roughness the hydroxylation of the sili
on surfa
e was 
arried outusing fresh piranha solution based on sulfuri
 a
id.The se
ond parameter that has an e�e
t on the silanization was the relative water
ontent. For trialkylsilanes it is generally a

epted that a small water 
ontent isne
essary for the monolayer formation. Ex
ess water amount, however, results in fastpolymerization and deposition of polysiloxane onto the surfa
e. Triethoxysilanes aremore stable to polymerization. Yet higher water amounts do still lead to polymerdeposition. In the present work NHS-silane (Fig. 3.1) was dissolved in desi

atedTHF having a water 
ontent of approximately 0.005% v/v. To assure that the water
ontent did not 
hange the solvent bottle was stored under a glove box. In
ubationwas also performed in the glove box. Under this 
onditions, assuming that this waythe water 
ontent of 0.005% in THF was stable, the molar ratio of water to silane was
ontrolled by using di�erent silane 
on
entrations.In order to �nd the best 
onditions for the silanization of the SiO2 surfa
e, the silane
on
entration was varied between 0.1%, 0.2% and 1% w/w. Prior to in
ubation thesamples were 
leaned using piranha solution followed by thorough rinsing using DIwater. The in
ubation time was 1 h. After self-assembly the samples were 
leaned bysoni
ation in THF. For ea
h 
on
entration the NHS-silane layer was analyzed by meansof ellipsometry, atomi
 for
e mi
ros
opy (AFM) and 
onta
t angle measurements.Ellipsometry and 
onta
t angle data are summarized in Tab. 3.1 and Tab. 3.2. Forthe evaluation of the ellipsometry data the refra
tive index n of the silane was setto n=1.46, assuming the silane forms a homogeneous monolayer on the surfa
e. This49
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Medium d of SiO2 layer in nm 
onta
t angleAir 1.35 26°Water 1.14 -PBS 0.9 -PBS/DDM 1.06 -Air (after piranha) 2.13 <10°Table 3.1: Thi
kness d of the SiO2 layer in di�erent media. The thi
kness are resultsof a least squares �t to the layer model based on the Fresnel equations. Therefra
tive indi
es of Water, PBS, PBS/DDM are 1.33.


on
. of silane in THF in
ubation time
silane/% (w/w) 30min 1 h overnight 3 days0.1 - - - -0.2 0.71 0.73 0.9 0.91 1.1 1.55 2 2.1Table 3.2: Change of thi
kness in nm after deposition of NHS-silane by self-assemblyunder di�erent 
onditions. The thi
kness 
hange in was measured by el-lipsometry in air. A sili
on substrate 
oated with a silane/SiO2 hybridlayer having an e�e
tive refra
tive index of n=1.46 was assumed as a layermodel. The values were obtained from least squares �ts to the data basedon Fresnel equations.
50



Chapter 3 Development of a Membrane Model System on Transparent Substratesrefra
tive index 
orresponds to that of the sili
on dioxide surfa
e. Therefore, in the�tting model, oxide and silane layer were 
onsidered as a single ad-layer on a p-doped amorphous sili
on substrate (n=4.86 nm). To verify the parameter setting, likerefra
tive index of the oxide surfa
e, the thi
kness of the oxide layer in di�erent mediawas determined prior to silanization. The thi
kness of the oxide layer before 
leaningmeasured in air was approximately 1.3 nm and did not vary signi�
antly from thisvalue over di�erent samples. The 
onta
t angle prior to 
leaning was at 26°. In PBS,DDM/PBS and Ni-solution the thi
kness de
reased slightly to 1.1 nm. After 
leaningof the bare oxide surfa
e using piranha solution, whi
h also hydroxylated the surfa
efor further modi�
ation, the thi
kness of the oxide layer in
reased to approximately2.1 nm in all media. A 
onta
t angle below 10° veri�ed the hdrophili
ity of the surfa
e.Silanization in
reased the thi
kness to 3.5 nm for 1% silane solution and 2.9 nm for0.2%. The 
onta
t angle also in
reased to 75°. Using a 0.1% solution of silane did notshow any signi�
ant thi
kness 
hange and the 
onta
t angle usually was approximately46°.To 
ompare the surfa
e topography under the respe
tive silanization 
onditions theAFM images of a 1x1µm area were re
orded. The lo
ation of the area was 
hosenrandomly. For ea
h silanization 
ondition three di�erent spots on the surfa
e weres
anned and 
ompared for lo
ation to lo
ation variations. Over an area of 1 
m2the re
orded pi
tures usually showed similar surfa
e pro�les. The height pro�le wasanalyzed regarding the surfa
e roughness and the average "peak-valley" height referredto as the Z-range value. A bare sili
on surfa
e after piranha 
leaning was s
anned asa referen
e (Fig. 3.2a). The RMS value showed an average of 0.1 nm and Z-range was1.1 nm. After silanization at 0.1%, 0.2% and 1% the samples were soni
ated in THF,blown dry using nitrogen and immediately s
anned. For silane 
on
entration of 0.1%no signi�
ant di�eren
e in surfa
e morphology 
ompared to a bare sili
on surfa
e 
ouldbe dete
ted. The RMS value was 0.1 nm and the Z-range 0.7 nm. The single spike thatis 
learly seen in Fig. 3.2
 has a peak height of 12.6 nm. Using a 
on
entration of 0.2%in
reased RMS to 0.2 nm and Z-range to 3.7 nm. In Fig. 3.2e a noti
eable number ofspikes appear. However, their average height measured from the lowest point in thesame s
an line was only 2 nm. The spikes 
an be interpreted as polymerized NHS-silane. A low silane 
on
entration relative to water 
auses all three ethoxy groups(Fig. 3.1) being hydrolyzed whi
h results in fa
ile polymerization. At 
on
entrationsof 1% hydrolysis of all ethoxy groups is redu
ed due to a low water/silane ratio. Hen
e,51



Chapter 3 Development of a Membrane Model System on Transparent Substratessilane 
hains are formed and deposited on the surfa
e instead of aggregates formed bypolymerized NHS-silane. This 
an be 
learly seen in Fig. 3.2g where the AFM pi
tureshows that the surfa
e is homogeneous and free of silane aggregates. The featuresthat were present before almost vanished. Thi
kness measurements by ellipsometryalso prove the 
ompa
tness of the monolayer having a thi
kness of 2 nm, a 
onta
tangle of 75° supports this 
on
lusion. The RMS value was 0.2 nm and Z-range was1.6 nm.As already mentioned in the beginning, other than the two parameters of silanizationthat have been des
ribed yet, whi
h are the pretreatment of the surfa
e and themolar ratio of water to silane, the in
ubation time and the temperature also in�uen
ethe formation of the monolayer. The values for both parameters that were used inprevious works vary over a wide range. Often, it was found that depending on theexa
t properties of the silane, in
ubation at approximately 28� for i. e. severaldays gave reprodu
ible results[5, 15℄. Whereas in other reports monolayer formationwas a

omplished within minutes to hours. In the present work, silanization wasperformed under the stabilized atmosphere of a glove box. A temperature of 22�was maintained during in
ubation. The silane 
on
entration used was 1% w/w. Thein
ubation time was varied between 30min, 1 h, overnight and 3 days. Ellipsometrymeasurements showed that silane 
overage of the surfa
e rea
hed saturation after 24 h(Tab. 3.2). The 
onta
t angle rea
hed a maximum value of approximately 75°. Usingan in
ubation time up to 1 h resulted in a thi
kness 
hange of 1.5 nm. If the sampleswere in
ubated overnight the thi
kness in
reased by 2 nm. An attempt was madeto use even longer silanization times ranging from overnight to several days. Thethi
kness did not in
rease further. AFM s
ans re
orded for varying in
ubation timesare not shown here, sin
e the s
ans do not di�er signi�
antly from Fig. 3.2g.In summary, using a silane 
on
entration of 0.1% ellipsometry and 
onta
t angle dataindi
ate a very low or no fun
tionalization of the sili
on surfa
e with NHS-silane.AFM s
ans also reveal that the surfa
e roughness did not 
hange in 
omparison toa bare sili
on surfa
e. Instead NHS-silane aggregates appeared having a height ofapproximately 12 nm. The best results in terms of thi
kness measured by ellipsometryand 
onta
t angle measurements were a
hieved using a silane 
on
entration of 1%. Ifthe sample was in
ubated overnight or longer in a 1% solution the results were evenbetter. In that 
ase the thi
kness of the silane layer was found to be 2.1 nm. AFMs
ans of respe
tive surfa
es show that the roughness in RMS de
reased signi�
antly52
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(a) (b)
(
) (d)
(e) (f)
(g) (h)Figure 3.2: AFM pi
tures of the NHS-silane modi�ed sili
on surfa
e. The 3d pro�les(left) and the lines
ans (right) of three di�erent 
on
entrations are shown.For 
omparison the pi
ture of a bare sili
on surfa
e (a) was in
luded. The
on
entrations used were 0.1% (
), 0.2% (e) and 1% (g) of NHS-silane inTHF. 53



Chapter 3 Development of a Membrane Model System on Transparent Substrateswith 
on
entration. Here again the lowest roughness of the surfa
e in terms of RMSand Z-range values were a
hieved using a 
on
entration of 1% w/w NHS-silane.3.1.2 Fun
tionalization of the silanized Si surfa
e and bindingof C
O measured by ellipsometryThe thi
kness of the C
O layer bound to fun
tionalized sili
on surfa
e was measured byellipsometry. Therefore, the samples were �rst silanized using the optimized silaniza-tion parameters presented in the previous se
tion: the slides were in
ubated in a 1%NHS-silane solution in dessi
ated THF for one day. After silanization the samples werein
ubated ex-situ in a aqueous solution of ANTA for two days. Covalent 
oupling ofANTA to the monolayer is realized through the formation of an amide bond betweenthe amine group of ANTA and the NHS-silane. The 
oupling rea
tion is s
hemati
allyshown in Fig. 3.3. The samples were than rinsed using DI water and the �ow 
ell wasassembled. A NiSO4 solution in a
etate bu�er was �lled into the 
ell. The Ni 2+ ionsin the solution form a 
omplex with the NTA head group of ANTA by 
oordinatingto the free COOH groups. To remove ex
ess Ni the 
ell was �ushed using ni
kel freea
etate bu�er and DI water. The sample surfa
e had to be treated using DDM/PBSin order to avoid protein denaturation at 
onta
t with the surfa
e. Therefore, a smallamount of DDM/PBS was �lled into the 
ell prior to C
O adsorption. Finally C
Odissolved in DDM/PBS was introdu
ed. C
O has a poly-histidine group atta
hed tothe C-terminus of SU I. The histidine group 
oordinates to the Ni-NTA 
helate andforms a stable 
omplex, thereby an
horing the enzyme to the surfa
e (Fig. 3.3).To follow the adsorption of C
O on the surfa
e the 
hange of the ellipsometryparameters ∆ and ψ as a fun
tion of time was measured (Fig. 3.4). Right in thebeginning of the measurement a jump in both parameters 
an be observed. This
oin
ides with the moment of C
O inje
tion. After C
O inje
tion the parameters
hange 
ontinuously during C
O adsorption before they rea
h a saturation level after2 h. The most signi�
ant 
hange o

urs within the �rst 30min, where ∆ 
hangesapproximately from 176° to 173° and ψ 
hanges from 18.5° to 18.6°. The �nal valuesafter 
arefully �ushing the 
ell with DDM/PBS were 176.1° for ∆ and 18.6° for ψ.The thi
kness of the protein layer 
an be derived from the ellipsometry data. There-fore the data has to be simulated in terms of a two layer model, using the ox-ide/silane/ANTA layer as a single sublayer. The refra
tive index and the thi
kness54
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Figure 3.3: S
hemati
 depi
tion of the ANTA 
oupling rea
tion and Ni 2+ 
omplexationon NHS-silane fun
tionalized sili
on wafer.
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Figure 3.4: C
O binding on sili
on surfa
e followed by ellipsometry. The AOI was�xed at 60° and the wavelength was 532 nm. Time of inje
tion of C
O isindi
ated in the graph. The 
hange of ∆ and ψ indi
ates adsorption ofC
O.of the sublayer are 1.46 and 3 nm respe
tively. The ellipsometry parameters ∆ and ψmeasured as a fun
tion of time re�e
t not only the thi
kness 
hange of the ad-layerbut also the 
hange of the its refra
tive index. Thus, to derive the �nal thi
knessof the protein layer only the values of ∆ and ψ before C
O insertion and after �nal�ushing using DDM/PBS were taken. A refra
tive index of 1.45 was assumed for theC
O layer. This way a thi
kness of approximately 6 nm was 
al
ulated. The thi
kness
al
ulated from the length of C
O at 100% 
overage, along the axis of orientation onthe surfa
e, is 9 nm [61℄. From this result it 
an dedu
ed that the surfa
e 
overage ofC
O tethered to a SiO2 surfa
e is 66%.3.1.3 Formation of the ptBLM on Si wafer by EISThe binding of C
O measured by ellipsometry was des
ribed in previous se
tion. Inorder to initiate the formation of a lipid bilayer around the tethered C
O the phos-pho
holine lipid DiPhyPC solubilized in DDM/PBS was added to the bulk solution.The detergens mole
ules around C
O were repla
ed with lipids by in-situ dialysis us-ing bio-beads leading to the formation of BLM pat
hes between the proteins. C
O56



Chapter 3 Development of a Membrane Model System on Transparent Substratespreparation step Cm in µF/
m2 Rm in MW⋅
m2After Ni - -After C
O binding 7 0.2-5After in situ dialysis 3-5 5.4-13Table 3.3: Change of 
apa
itan
e Cm and resistan
e Rm of the ptBLM on sili
on atdi�erent steps of the preparation. The data was normalized to the area ofthe working ele
trode whi
h is 0.28 
m2. The values are ranges measuredfor 10 di�erent sili
on samples.binding and BLM formation were monitored by impedan
e spe
tros
opy.The impedan
e spe
tra were re
orded using a three ele
trode 
on�guration wherethe p-doped sili
on wafer was the working ele
trode, a Ag−AgCl (saturated KCl) thereferen
e and a platinum wire the 
ounter ele
trode. The equivalent 
ir
uit Fig. 3.5,used to evaluate the impedan
e spe
tra, 
onsisted of three RC 
ir
uits Fig. 3.5 in serieswith the ele
trolyte resistan
e Re. Instead of pure 
apa
itors, 
onstant phase elementswere used be
ause of the heterogeneous property of the underlying system. The spa
e
harge region of the semi
ondu
ting sili
on was a

ounted for by Rs
Cs
. The 
ir
uitRsrCsr represents the silane/NTA sublayer referred to as the spa
er region. In thelast RC 
ir
uit Rm,Cm is the membrane/protein resistan
e and the membrane/protein
apa
itan
e respe
tively. The NTA a
tivated surfa
e without C
O was evaluated usinga double RC 
ir
uit, in whi
h Rm,Cm was omitted. The results were derived from anonlinear least squares �t to the normalized spe
tra. The results of the �ttings aresummarized in Tab. 3.3.Before adsorption of C
O on the 
omplexed monolayer a spe
tra had been re
ordedas a referen
e. From the example of a impedan
e spe
tra in Fig. 3.5 it 
an be seen thatthe resistan
e of the oxide/silane/ANTA sublayer is already in the range of 2MW⋅
m2and has a low 
apa
itan
e of approximately 10 µF/
m2. This was attributed to thethin oxide layer between the tethered moieties and the sili
on bulk. In se
tion 3.1.1the thi
kness of the oxide layer was shown to be 2 nm after treatment using piranhasolution. The layer a
ts as an ele
tri
al barrier interfa
e. After binding of C
O to thesurfa
e the resistan
e in
reases to 5MW⋅
m2 and the 
apa
itan
e de
reases slightlyto a minimum of 7 µF/
m2. The values 
hanged again after removal of the detergentusing bio-beads. The resistan
e in
reased to 13MW⋅
m2 and the 
apa
itan
e rea
heda minimum value of 5 µF/
m2. The value ranges of resistan
e and 
apa
itan
e derived
57
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e (b) plot of the impedan
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O binding(red); after C
O binding (bla
k) and after in situ dialysis using bio-beads(blue). Equivalent 
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uit (
) was used to 
al
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Chapter 3 Development of a Membrane Model System on Transparent Substratesfrom impedan
e spe
tra of 10 sili
on samples are presented in Tab. 3.3.This �nding indi
ates the formation of a ptBLM on sili
on. The theoreti
al valueof 
apa
itan
e and resistan
e for a pure lipid bilayer is 0.2 µF/
m2 and >1MW⋅
m2respe
tively. The 
apa
itan
e measured here is higher but still in a

ordan
e to theC
O surfa
e 
overage derived in the previous se
tion. There it was shown that the
overage must be approximately 60%. A

ordingly the amount of lipid in the ptBLMbilayer is mu
h lower 
ompared to a pure lipid bilayer. Assuming a bilayer thi
knessof 5 nm and a diele
tri
 
onstant of 30 for C
O and 2 for the lipids the 
apa
itan
efor the ptBLM is then expe
ted to be around 4 µF/
m2 whi
h is 
lose to the measuredvalue of 5 µF/
m2.3.2 Tethered BLMs on ITOThe binding of C
O and formation of a BLM around C
O on sili
on were shown. Herean analog pro
edure will be applied to build a ptBLM on ITO, whi
h is a transpar-ent semi
ondu
tor. First the deposition and 
hara
terization of the ITO layer will bedes
ribed. Then a tethered BLM on ITO will be shown. This system o�ers a ade-quate platform to test formation of lipid bilayers on ITO. Finally a ptBLM on ITO ispresented.3.2.1 Preparation of the ITO layerThe ITO layers were prepared by DC sputtering on glass slides. The aim was toa
hieve good opti
al and ele
tro
hemi
al properties of the layer, whereby the surfa
eshould have a low surfa
e roughness. Prior to deposition the slides were 
leanedusing piranha solution. Sputtering was performed under varying 
onditions regardingpro
ess pressure Pb and argon/oxygen ratios. The DC power was set to a 
onstantvalue of 2.2W/
m2. The slides were always prepared on the same day and numbereda

ording to their sequen
e of deposition. After deposition using di�erent parametersets the sheet resistan
e Rs was measured by a four-point probe method[123℄. Thedeposition time usually was 10-15min and the layer thi
kness, measured by step-pro�ler and ellipsometry (n of ITO 1.9065) was 80-120 nm.Deposition was performed in a sequen
e within the same day. The Rs of the 
or-responding day were 
ompared. For the �rst sequen
e (sample 1-3 in Tab. 3.4) the59



Chapter 3 Development of a Membrane Model System on Transparent Substratessample O2 / % vol. Pb / Pa Rs / W/sq1 0 0.6 2k-2.5k2 5 0.6 250k-500k3 10 0.3 35-854 2 1 250-7005 1 1 2506 0 1 15-25Table 3.4: ITO layer properties after sputtering at varying 
hamber pressure Pb andoxygen volume 
on
entration. The samples are numbered a

ording to thedeposition sequen
e within the same day. The DC power density was setto a 
onstant value of 2.2W/
m2. The layer thi
kness was 80-120 nm. Forsamples 1-3 the ITO target was pre-sputtered for 15 min at Pb=0.3Pausing pure argon, and for samples 4-6 at Pb=1Pa using 1% vol oxygen.The resistivity Rs was measured by the four-point method.target was pre-sputtered using pure argon. The pro
ess pressure Pb was de
reasedfrom 0.6Pa to 0.3Pa and the relative oxygen 
ontent was in
reased stepwise from 0%to 10%. Rs de
reased thereby from 2kW/sq up to 35W/sq. In the se
ond sequen
e(sample 4-6 in Tab. 3.4) the target was pre-oxidized before deposition using a Pb of1Pa and 1% vol oxygen. During deposition Pb was kept 
onstant at 1Pa for all threesamples. In the beginning a small amount of oxygen was used. In that 
ase Rs didnot 
hange mu
h from 250W/sq. For the last sample oxygen was omitted leading to asheet resistan
e of 15W/sq.From this data it 
an be 
learly seen that the ele
tri
al properties of the ITO layerdepend on the state of the target before deposition. The target 
ondition 
hangeswith sputtering time. To explain this behavior it is appropriate to use the terms of'non-oxidized' and 'oxidized' state of the target[67℄. In the beginning, the �rst set ofthree samples in Tab. 3.4, only argon had been used for pre-sputtering. Thereby thetarget was brought into the non-oxidized state leading to a brownish 
olor of the layerand high resistivity values of 2k-2.5kW/sq. A low oxygen 
ontent is known to redu
etransparen
y and 
ondu
tivity[54, 72℄ of DC and RF sputtered ITO layers, whereasa high oxygen 
ontent still gives good transparen
y but de
reased 
ondu
tivity. Lowoxygen 
on
entrations redu
e the grain boundary s
attering due to larger grain sizes.Hen
e 
harge 
arrier mobility is in
reased. If the oxygen 
on
entration is in
reasedfurther the 
arrier mobility de
reases again, whi
h is attributed to the trapping e�e
t
60



Chapter 3 Development of a Membrane Model System on Transparent Substratesof neutral (SnO2)2 
lusters. Therefore, for samples 2 and 3 oxygen was added within
reasing partial pressure. This lead to de
reasing resistan
e where the best resultin terms of Rs were realized using 10% vol of oxygen. Though sputtering had beenstarted from an non-oxidized target, using oxygen �ow during deposition seems tore-oxidized the target thereby bringing it 
lose to the optimal oxidization state. Inthe se
ond sequen
e of samples this e�e
t has been simulated by pre-sputtering thetarget without samples in the 
hamber. The 
onditions used for pre-sputtering werea pro
ess pressure Pb of 1Pa and 10% vol. oxygen. The sheet resistan
e got mu
hlower 
ompared to sputtering with a non-oxidized target. After the �rst two samplesin the se
ond set (sample 4 to 6), where an Ar−O2 mix had been used, the targetrea
hed the optimal oxidized state. Starting deposition from this state resulted in thebest values with Rs even 
lose to 35W/sq.It 
an be 
on
luded that after installation of the ITO target before deposition, pre-oxidization of the target using a Ar−O2 mix is ne
essary. This way good ele
tri
al andopti
al properties of the layer 
an be a
hieved. To test this assumption a new serieswas produ
ed starting from a non-oxidized target and using a higher oxygen amountfor pre-sputtering. This time the target was pre-sputtered for 15min using 10% vol.oxygen at 1Pa pro
ess pressure. Thereafter, only argon was used for deposition. Asexpe
ted, Rs had a reprodu
ible value of 15-35W/sq.3.2.2 ITO surfa
e 
hara
terizationThe ITO surfa
e was 
hara
terized in terms of ele
tro
hemi
al properties and surfa
eroughness. The surfa
e morphology was re
orded by AFM. To verify that no larges
ale inhomogeneities exist, di�erent surfa
e areas of 1x1µm size were s
anned intapping mode. The lo
ation of these areas was within a se
tion of 1 
m2 in the 
enterof the sample. No signi�
ant di�eren
es in surfa
e morphology 
ould be observed.Therefore, it was assumed that a single s
an of a randomly 
hosen surfa
e area fromthe 
enter of the sample was representative for a 1 
m2 se
tion of the ITO layer.All of the layers s
anned by AFM featured a surfa
e pattern formed by small spikeshaving a diameter of 15-20 nm. From AFM measurements of various samples it wasalso evident that the surfa
e roughness of the layer did 
hange when the 
hamber pro-
ess pressure and relative oxygen 
ontent were varied. The most signi�
ant di�eren
eshown in Fig. 3.6 appeared between the �rst sample deposited at a pro
ess pressure61
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(a) (b)
(
) (d)
(e) (f)Figure 3.6: AFM measurements of the DC sputtered ITO samples from Tab. 3.4. The3d surfa
e pro�le (left) and line s
an data (right) are shown. The samplespresented are those in Tab. 3.4 having the lowest Rs: (a)(b) sample 3 and(
)(d) sample 6. For 
omparison, the AFM s
an of (e)(f) a bare sili
onsurfa
e is added.
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Chapter 3 Development of a Membrane Model System on Transparent Substratesin
ubation time in PBS Rs=40W/sq Rs=60W/sq Rs=110W/sq0 h 15k;13 1190k;10 569k;4324 h 13k;14 59k;13 45k;2648 h 13k;14 52k;13 45k;26Table 3.5: Resistan
e and 
apa
itan
e values R/W⋅
m2;C/ µF/
m2 of the ITO surfa
e inPBS measured by impedan
e spe
tros
opy. The values are least-squares�ts to the data presented in Fig. 3.7. Results of three ITO samples havingdi�erent sheet resistan
e Rs are presented.of 0.3Pa from a non-oxidized target (Fig. 3.6a) and those samples pro
essed at 1Pafrom an oxidized target (Fig. 3.6
). In the �rst 
ase, the AFM pi
ture shows a surfa
e
onsisting of homogeneously distributed spikes having an average height of 10 nm. TheZ-range was 6 nm and the RMS value was 0.6 nm. For the sample in Fig. 3.6
, whereoxygen and a higher pressure were used, the RMS in
reased to 1 nm and the Z-rangeto 10 nm. The same samples also show an in
rease of the spike height to 10-20 nm.Compared to the bare sili
on surfa
e both of the ITO layers show a drasti
 di�eren
ein terms of surfa
e roughness and homogeneity.To test ele
tro
hemi
al stability of the ITO layer impedan
e spe
tra were re
ordedfor three di�erent ITO samples at varying time intervals. Examples of the spe
traare presented in Fig. 3.7. The ITO layer of the three samples had a spe
i�
 sheetresistan
e Rs of 40W/sq, 60W/sq and 110W/sq respe
tively. The ele
trolyte used wasthe PBS solution of the C
O binding pro
edure. The slides were pre-
leaned usingisopropanol and UV-ozone treatment. The ele
tro
hemi
al 
ell was assembled andPBS was �lled into the 
ell. Impedan
e spe
tra were measured within time intervalsof 0 h, 24 h and 48 h.For all three ITO samples the resistan
e de
reased signi�
antly within the �rst 24 h,whereas the 
apa
itan
e in
reased. This e�e
t was even more predominant in the 
aseof the ITO sample having a Rs value of 60W/sq. There, the resistan
e de
reased bythree orders of magnitude from around 1MW⋅
m2 to 60kW⋅
m2. The 
apa
itan
e inall three 
ases de
reased to a value of 13-14 µF/
m2. This value 
an be attributed to thespa
e 
harge 
apa
itan
e of the ITO semi
ondu
tor, sin
e the Helmholtz 
apa
itan
eunder the 
onditions given here is usually around 25 µF/
m2. Capa
itan
e and resistan
eof the ITO layer in PBS did not 
hange further for time intervals longer than 24 h,as was dedu
ed from the data after 48 h. An explanation for this behavior 
an be a
63
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e (right) of the impedan
e spe
tra of bareITO ele
trodes in PBS (red) measured after 24 h (bla
k) and 48 h (blue).The sheet resistan
e of the ITO layers are 40W/sq (
), 60W/sq (a),110W/sq (e)
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(b)Figure 3.8: Potassium ferro
yanide in KCl on a bare ITO ele
trode (Rs around1kW/sq) measured by CV (a) and impedan
e spe
tros
opy (b). The 
on-
entration of [Fe II(CN)6℄ �4 was 1mM in a 0.1M KCl bu�er. The CVs
an rate was 10mV/s. The referen
e measurement without potassium fer-ro
yanide is shown in red.'swelling' pro
ess during whi
h water is taken up by the ITO layer. This uptake ofwater mole
ules would rea
h an equilibrium after a 
ertain time. Sin
e water has adiele
tri
 
onstant of 80, the 
apa
itan
e in
reases as expe
ted. This suggestion issupported by the AFM measurements of the DC sputtered ITO surfa
e. The ITObulk layer itself 
onsists of grains forming a 
olumn like stru
ture into the dire
tion ofthe layer growth. The grain size distribution depends on the sputtering parameters.The gaps between the grain stru
ture 
an form pores. Hen
e the layer would alsohave properties similar to nano-porous materials, where di�usion of spe
imen into thepores was already observed[114℄.The ele
tron transfer properties of the ITO layer were measured by CV. Ferro-
yanide [Fe II(CN)6℄ �4 was used as redox spe
ies in a KCl solution. Before addingferro
yanide ba
kground s
ans of the bare ITO surfa
e were taken. The CV s
ans offerro
yanide in KCl on unmodi�ed ITO having a high sheet resistan
e Rs (Fig. 3.8a)show a quasi-reversible ele
tro
hemi
al behavior of ferro
yanide. In Fig. 3.8a, after1mM of ferro
yanide had been added the 
athodi
 
harge �ow was 28mC/
m2 and thepeak position at -76mV. No distin
t anodi
 peak 
ould be observed. The impedan
espe
tra show a de
rease of resistan
e from 4.5MW⋅
m2 to 0.35MW⋅
m2 whereas the
65
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(b)Figure 3.9: Potassium ferro
yanide in KCl on a silanized ITO ele
trode measured byCV (a) and impedan
e spe
tros
opy (b). The 
on
entration of Fe(CN) �64was 1mM in a 0.1M KCl bu�er. The CV s
an rate was 10mV/s. Thereferen
e measurement without potassium ferro
yanide is shown in bla
k.
apa
itan
e in
reased from 7 µF/
m2 to 9 µF/
m2. This data suggest a 
omparably slowele
tron transfer of ferro
yanide to ITO [80℄ as expe
ted from the high sheet resistan
e.To investigate the e�e
t of a 'blo
king' ad-layer alkensilane had been used to silanizethe ITO surfa
e. Silanization was 
ompleted by in
ubation using a 1% solution inTHF. The monolayer thi
kness measured by ellipsometry was 1 nm. The CV s
ans ofthe silanized slides in Fig. 3.9a show no 
athodi
 
urrent peak when ferro
yanide wasadded, indi
ating the ele
tri
al 'barrier' properties 
aused by a dense silane monolayer.The resistan
e measured by impedan
e spe
tra de
reased from 29kW⋅
m2 to 19kW⋅
m2.This de
rease is lower 
ompared to the CV s
ans of ferro
yanide in KCl on unmodi�edITO. Hen
e, it 
an be 
on
luded that any kind of ele
tri
al barrier having a 
omparablethi
kness will similarly hinder the ele
tron transfer between a redox spe
ies and theele
trode. This would also explain the very slow ele
tron transfer properties of theITO surfa
e, if some kind of 'natural' passivating layer between the ITO bulk andthe solution is existing. The existen
e of su
h a layer would than lead to the high
harge transfer resistan
e observed for the bare ITO surfa
e. As 
an be dedu
ed fromTab. 3.5, the 
harge transfer resistan
e values for the bare ITO are by an order higherthan expe
ted from the Rs values of the respe
tive surfa
e.The 
harge transfer property of the ITO layers having a low Rs (15W/sq) was also66
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Figure 3.10: CV measurement of 
yt 
 in PBS on ITO. Rs of the ITO layer 15W/sq.A referen
e s
an of the bare ITO layer is also presented. The s
an ratewas 10mV/s.
Figure 3.11: Single stranded an
hor lipid HC(EO)4TES used for the formation of atBLM on ITO. Synthesis by Mathieu Jung[53℄.investigated. This time, a solution of 
yt 
 in PBS has been used as the redox spe
ies.Cyt 
 will be employed as an ele
tron donor for the C
O in a ptBLM, whi
h will bepresented later in this work. As 
an be seen from Fig. 3.10, the CV measurement showsa quasi-reversible ele
tro
hemi
al behavior indi
ating a low 
harge transfer resistan
eat the ITO-solution interfa
e.In summary, the 
hara
terization of the ITO surfa
e has been presented so far.Here, it was shown by AFM that the ITO surfa
e morphology features a 
omparablyhigh surfa
e roughness with distin
t peaks 
overing the entire surfa
e. Therefore, atBLM system using an
hor lipids was employed as a test system in order to analyzethe formation of tBLM before the ptBLM was formed on ITO.3.2.3 Tethered-BLM on ITOThe single stranded an
hor lipid used here for the formation of a tBLM on ITO wassynthesized by Dr. Mathieu Jung[53℄.
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Y'/w  mF(b)Figure 3.12: Bode (a) and admittan
e (b) plot of the impedan
e spe
tra of the liposi-lane monolayer on ITO before (bla
k) and after vesi
le spreading (red).The spe
tra were measured in PBS. Lipid 
on
entration of the vesi
lesolution was 0.04mg/mL.A tethered bilayer lipid membrane (tBLM) was deposited on ITO. For this pur-pose the ITO surfa
e was 
oated with Hepta
osa-10,12-diynoi
 a
id-tetraethylene gly-
ol ester-[3-(triethoxysilyl) propyl
arbamate℄ (HC(EO)4TES) of whi
h the stru
tureis depi
ted in Fig. 3.11. The ITO slides were 
leaned by soni
ation in isopropanoland afterwards hydroxylated by UV-ozone treatment. The surfa
e was 
oated withHC(EO)4TES by LB transfer. The monolayers were transferred at surfa
e pressuresof 50mN/m from the water subphase via LB transfer with a deposition speed of 1mm/min. A suspension of liposomes in PBS was prepared by extrusion (100 nm). Adiluted 
on
entration of a sto
k solution (2mg/mL) was added and the 
ell was �ushedwith PBS after 24 h. Finally the ele
tri
al sealing properties of the tBLM were mea-sured by impedan
e spe
tra.The impedan
e spe
tra of the lipid 
oated ITO show a high resistan
e value of81MW⋅
m2 indi
ating a dense monolayer of lipids on the surfa
e. The 
apa
itan
e ofthe lipid layer was at 14 µF/
m2. After adding a diluted vesi
le solution the resistan
ein
reased slightly to 82MW⋅
m2 whereas the 
apa
itan
e de
reased signi�
antly to11 µF/
m2 whi
h is 
omparable to the values reported for a tBLMs on other oxidi
surfa
es[114℄. Be
ause of the already high resistan
e 
aused by the densely pa
kedHC(EO)4TES the in
rease of resistan
e derived from the nonlinear �t after formation68



Chapter 3 Development of a Membrane Model System on Transparent Substratesof a lipid bilayer was 
omparably low. However, the de
rease of 
apa
itan
e indi
atesthat a 
losed bilayer of lipids has formed. This 
on
lusion was also supported bymembrane potential measurements whi
h will be presented in 
hapter 4.3.2.4 Protein-tethered BLM on ITOFirst, the ITO slides were soni
ated in isopropanol then in Hellmanex. Thereafter,the ITO surfa
e was hydroxylated by UV-ozone treatment. The same ptBLM bindingpro
edure was used as the one des
ribed already for sili
on surfa
es in se
tion 3.1: a1% NHS-silane solution (see 3.1) was used to modify the ITO surfa
e. The slides werein
ubated overnight, a

ording to the optimized 
onditions derived for silanization of asili
on oxide surfa
e. For ANTA 
oupling an in
ubation time of 2 h was used, in ordernot to deteriorate the ITO surfa
e. Afterwards C
O was immobilized on the surfa
eand DiPhyPC solubilized in DDM/PBS was added. The formation of the lipid bilayerbetween the proteins started after adding pre-
leaned bio-beads. Enzyme a
tivity wasinitiated by adding redu
ed 
yto
hrome 
.preparation steps R/W⋅
m2 C/ µF/
m2after Ni 2+ 
omplexation 1-7M 15-19after C
O adsorption 1-4M 13-18after in-situ dialysis 0.2-1M 12-18Table 3.6: Resistan
e and 
apa
itan
e values of the ptBLM formation on NHS-silanefun
tionalized ITO measured by impedan
e spe
tros
opy. The valuesare derived from least-squares �ts to the spe
tra using equivalent 
ir
uitFig. 3.13
.The resistan
e de
reased after ea
h of the ptBLM formation steps as 
an be seenin Fig. 3.13. Before C
O adsorption the resistan
e was at 7MW⋅
m2. After C
Oadsorption the value de
reases to 4MW⋅
m2. In situ dialysis performed by addingbio-beads together with a solubilized lipid further de
reased resistan
e to 0.2MW⋅
m2.The 
apa
itan
e slightly de
reased from 19 µF/
m2 to 18 µF/
m2 after C
O adsorptionand did not de
rease further after BLM formation. This results are in 
ontrast tothose obtained for the sili
on surfa
e. There an in
rease of resistan
e and a de
reasing
apa
itan
e 
ould be observed after ea
h preparation step. To verify whether the en-zyme had been re
onstituted in a fun
tional manner impedan
e spe
tra were measuredbefore and after a
tivation of C
O using redu
ed 
yt 
. The resistan
e de
reased to69



Chapter 3 Development of a Membrane Model System on Transparent Substrates

10
2

10
3

10
4

10
5

10
6

|Z
| 
/ 
W

 c
m

2

10
-3  10

-1  10
1  10

3  10
5

f / Hz

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

Q
 / d

e
g

(a)

25

20

15

10

5

0

Y
''
/w

  
m

F

14121086420

Y'/w  mF(b)
(
)Figure 3.13: Bode (a) and admittan
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e spe
tra of the ptBLMformation on NHS-silane fun
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O binding (red);after C
O binding (bla
k), and after in situ dialysis using biobeads (blue).Equivalent 
ir
uit (
) was used for �tting.
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(b)Figure 3.14: Enzyme a
tivity of C
O in
orporated in a ptBLM on NHS-silane fun
-tionalized ITO measured by CV (a) and impedan
e spe
tros
opy (b):before adding 
yt
hrome 
 (red), after addition of (bla
k) 0.2mM and(blue) 0.3mM redu
ed 
yt 
. The s
an rate was 10mV/s.120W⋅
m2 after redu
ed 
yt 
 was added to the bu�er solution. The enzyme a
tivitywas also measured by CV (Fig. 3.14). After adding redu
ed 
yto
hrome 
 a weak
athodi
 peak at a potential of -100mV 
ould be dete
ted.Comparing both data, CV and impedan
e spe
tra, the formation of 
losed, ele
tri-
ally sealing lipid bilayer 
ould not be veri�ed. However, CV s
ans show that there isa small 
atalyti
 a
tivity of re
onstituted C
O on ITO suggesting that fragments ofptBLM exist on the ITO surfa
e. An explanation for the insu�
ient ptBLM formationis the high surfa
e roughness that 
ould be observed for the ITO surfa
e. The Z-rangevalues presented in se
tion 3.2.2 are within the range of 6-10 nm, whi
h is already
omparable to the size of the C
O on the surfa
e. In addition, spikes having a heightof 10-20 nm are distributed over the surfa
e. This 
hara
teristi
s of the ITO surfa
e
learly hinder the formation of a 
losed lipid bilayer. A modi�ed surfa
e modi�
ationte
hnique has to be implemented. The drawba
k of a very rough surfa
e has to beover
ome and at the same time the modi�
ation has to provide the proper fun
tion-ality to immobilize C
O and re
onstitute the protein into a lipid bilayer. A polymernetwork bound to ITO possessing fun
tional groups for ANTA 
oupling 
an a
hievethis goals. A new method will be presented now, employing a thin hydrogel layer asa polymer 
ushion for the ptBLM. 71



Chapter 3 Development of a Membrane Model System on Transparent Substrates3.3 The Hydrogel-supported ptBLM on ITOThe work presented here was part of a 
ooperation with Robert Roskamp and UliJonas. The hydrogel des
ribed in this se
tion was synthesized by Robert Roskamp,who also developed the spin 
oating pro
edure for the ITO.A new approa
h in the dire
tion polymer-supported membranes is an assembly thatstarts with immobilizing the protein to be investigated spe
i�
ally on the top layerof the polymer. This 
an be a
hieved by using a hydrogel as the polymer layer withmesh sizes smaller than the size of the protein. The gel is provided with a bindingmotif su
h as an NTA fun
tionality 
helated with Ni 2+ ions designed to bind theprotein via the his-tag te
hnology. Sin
e the protein is too big to penetrate the gel, itstays on the surfa
e. If a lipid bilayer 
ould then assembled around the protein, theformation of a defe
t-free ele
tri
ally sealing protein-lipid layer 
ould be expe
ted. Asimilar approa
h had been su

essfully applied before, however, on a short spa
er layerrather than a polymer. The sealing properties of ptBLM were su�
ient to allow forele
tron and ion transport pro
esses through the 
yto
hrome 
 oxidase. In the presentstudy a hydrogel 
onsisting of poly(N-(2-hydroxyethyl)a
rylamide-
o-5-a
rylamido-1-
arboxypentyl-iminodia
etate-
o-4-benzoylphenyl metha
rylate)(P(HEAAm-
o-NTAAAm-
o-MABP)) will be employed to bind the same protein viathe already des
ribed His-tag te
hnology. A lipid layer will be then assembled byin-situ dialysis around the protein. A number of surfa
e-analyti
al te
hniques will beemployed to 
hara
terize the system in
luding the a
tivity of the protein Fig. 3.15.3.3.1 Polymerization of P(PFPA-
o-MABP)4-(3-triethoxysilyl)propyloxybenzophenone (benzophenone-silane) [37℄,penta�uorophenyl a
rylate (PFPA)[26℄ and 4-metha
ryloyloxybenzophenone(MABP)[130℄ were prepared a

ording to literature. Azodiisobutyronitrile (AIBN)was re
rystallized from methanol. Dioxane was distilled over 
al
ium hydride.The rea
tive 
opolymer was polymerized from 98% mol PFPA and 2% mol MABPby free radi
al polymerization with 0.2% mol AIBN in dioxane at 60ï¿½C for 48h. Itwas pre
ipitated in methanol and dried in high va
uum.The rea
tive 
opolymer P(PFPA-
o-MABP) was obtained with a yield of 78% afterpre
ipitating it three times from benzene in methanol. The mole
ular weight Mn was
72
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Figure 3.15: S
hemati
s of the protein-supported bilayer lipid membrane (ptBLM)bound to the top layer of a hydrogel. Formation of the ptBLM startedwith immobilization of 
yto
hrome 
 oxidase with the his-tag atta
hed toSU I via the Ni 
omplex to the NTA modi�ed hydrogel P(HEAAm-
o-NTAAAm-
o-MABP). 73



Chapter 3 Development of a Membrane Model System on Transparent Substratesdetermined by GPC (THF with pmma as standard) to be 14.000 g/mol and themole
ular weight distribution was 2.1. The 1H-NMR shows the peaks of the PfpAand the MABP with a ratio of 98 : 2 as intended by the monomer mixture. 1H-NMR(700 MHz, CD2Cl2): [ppm℄ = 7.45 (br m, 9 H, benzophenone), 3.11 (br s, 1 H, CH,ba
kbone), 2.15 (br s, 2 H, CH2, ba
kbone), 1.48 (br m, 3 H, CH3, ba
kbone).3.3.2 The formation of the ptBLM on PFPA 
opolymerITO layers prepared as des
ribed in se
tion 3.2.1 were provided with a 60 nm thi
klayer of the 
opolymer P(PFPA-
o-MABP). At a mixing ratio of 98 mol PFPA and 2mol MABP the 
opolymer is highly 
ross-linked and very hydrophobi
 due to the hy-drophobi
 nature of the a
tive ester fun
tionalities (penta�uorophenyl). A high degreeof 
ross-linking is needed to be able to mainly fun
tionalize the surfa
e fun
tionalitiesof the polymer rather than the inner network. Nevertheless, the a
tive ester allows forfurther fun
tionalization with hydrophili
 groups to form a hydrogel. The a
tive es-ter fun
tionalities were 
onverted to NTA-groups by a rea
tion with ANTA. Residuala
tive ester fun
tionalities were 
onverted to terminal OH groups by a rea
tion withaminoethanol. The thi
kness of the polymer layer was determined by SPR/OWS andAFM to be 60 nm.AFMmeasurements showed the spike stru
tures of the ITO layer des
ribed in se
tion3.2.2 almost 
ompletely 
overed by the polymer layer (Fig. 3.17). Ele
tro
hemi
alimpedan
e spe
tra showed a dramati
 in
rease of the 
apa
itan
e and a de
rease ofthe resistan
e due to the fun
tionalization (Fig. 3.18). This 
an be explained by thehydrophobi
 a
tive ester fun
tionalities (PFPA), whi
h do not allow for any watermole
ules to penetrate the polymer. The 
apa
itan
e of the layer stru
ture is thusdetermined by the spa
e 
harge 
apa
itan
e of the semi
ondu
tor. When the a
tiveester was fun
tionalized with hydrophili
 groups su
h as NTA and OH, water mole
ules
ould enter the polymer together with ions from the bu�er solution to form a kindof Guy-Chapman ele
tri
al double layer with 
apa
itan
es in the order of magnitudeof 16 µF/
m2, a
tual values depending on the parti
ular preparation. The resistan
e ofthis layer was in the order of kW as expe
ted.The NTA fun
tionalities were 
onverted to the Ni-NTA 
helate by immersion ofthe gel layer into a bu�ered NiSO4 solution. The ex
ess Ni was removed by rinsingwith an a
etate bu�er solution (pH=4). After that a solution in detergent (DDM)74
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Figure 3.16: Synthesis of the pre
ursor polymer P(PFPA-
o-MABP) and its 
onversioninto the PHEAAm-hydrogel with atta
hed NTA groups (P(HEAAm-
o-NTAAAm-
o-MABP)).
75
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Figure 3.17: 3D surfa
e pro�le (left) and 
orresponding line-s
an (right) of DC sput-tered ITO; (A) sample 3 and (B) sample 6 from Tab. 3.4. The hydrogel
oated sample (C) is also shown. The ele
trode surfa
e is smoothed andthe spikes are 
overed by the gel. The lo
ation of the line s
an on the leftis indi
ated by the blue line in (A) and was the same in all three samples.
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Figure 3.18: Frequen
y response presented as (A) bode and (B) frequen
y normalizedadmittan
e plot of the ITO 
oated with the P(PFPA-
o-MABP) pre
ur-sor; (●) before and (◻) after 
onversion to P(HEAAm-
o-NTAAAm-
o-MABP) using ANTA and ethanolamine. Also shown are the �ts (solidlines) using Fig. 3.19
.
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y normalized admittan
e of the Ni+2 -NTAmod�ed P(HEAAm-
o-NTAAAm-
o-MABP) on ITO before (bla
k) andafter (red) binding of C
O; (blue) after in situ dialysis to form the lipidbilayer around the protein. Solid lines show the �tted 
urves using (
).For the �t to the blue data (d) was used.
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Chapter 3 Development of a Membrane Model System on Transparent SubstratesITO samples at di�erent preparation step Rm/MW⋅
m2 Cm/ µF/
m2P(PFPA-
o-MABP) 
oated ITO >60 0.04...after 
onversion to hydrogel 0.02-0.04 13-16...after C
O binding 0.07-0.11 14-16...after in-situ dialysis 1-5 12-15Table 3.7: Capa
itan
e and resistan
e values after ea
h step of the preparation of aptBLM on polymer 
oated ITO. The values are results of a least squares �tusing equivalent 
ir
uits in Fig. 3.19.of C
O from Rh. Sphaeroidis with a his-tag atta
hed to subunit II was added to thebathing solution. It is seen in Fig. 3.19 that the impedan
e spe
trum did not 
hangemu
h, although the binding of C
O 
ould be dete
ted by waveguide measurementsdes
ribed further below. However, when the phopholipid (DiPhyPC) solubilized inDDM was added together with bio-beads, the resistan
e in
reased by two orders ofmagnitude to rea
h values around 0.6-2MW⋅
m2, Fig. 3.19 shows a typi
al example.This indi
ates the insertion of lipid bilayer pat
hes between the C
O mole
ules orin other words the formation of a ptBLM. EIS data are 
olle
ted in Tab. 3.7. Theresistan
e of 1-5MW⋅
m2 is in a

ordan
e with results obtained for ptBLMs on smoothgold �lms without a gel layer. The resistan
e is known to be a very 
riti
al parameterto indi
ate a defe
t-free lipid bilayer. Values in the order of magnitude of MW⋅
m2are known from BLMs and tBLMs, whereas for polymer-supported bilayers su
h highsealing resistan
es were hard to a
hieve. The 
apa
itan
e does not 
hange be
auseit is dominated by the 
apa
itan
e of the gel as well as the protein layer, whi
h areexpe
ted to be in the same order of magnitude. The high resistan
e after dialysis,however, indi
ates that C
O mole
ules were bound mainly to the surfa
e layer ratherthan the meshes of the gel layer. Only protein mole
ules atta
hed to the surfa
e 
anform a 
losed protein-lipid layer as requested for a ptBLM. The C
O is anyhow tolarge (9x8 nm) to penetrate the gel, parti
ularly at the high degree of 
ross-linking.3.3.3 Chara
terization by waveguide measurementsEIS is not designed to follow the binding of the C
O to the NTA fun
tionalized polymerlayer. The formation of the lipid bilayer 
an be dedu
ed from these measurements,but only indire
tly. More information 
an be expe
ted from SPR/OWS measure-ments, whi
h were performed on a thi
k (680 nm) ITO layer as the wave guiding79
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Figure 3.20: (a) SPR/OWS angle spe
tra of (solid line) p-polarized and (dashed line)s-polarized light (632nm) of (bla
k) Ni 2+-NTA modi�ed P(HEAAm-
o-NTAAAm-
o-MABP) on ITO before and (red) after binding of C
O;(blue) after in situ dialysis to form the lipid bilayer around the protein.(b) Simulated shifts of the e�e
tive refra
tive dNe� 
aused by an isotropi
ad-layer (n=1.47, d=10nm) 
al
ulated for TE and TM modes as a fun
-tion of the thi
kness of the ITO layer (n=1.9065): (◆) TM3, (◻) TE2. Thearrow indi
ates the thi
kness of the ITO layer used on a routine basis.media. SPR/OWS is a multi-mode te
hnique with TM and TE modes, i.e. angles
ans obtained from p-polarized and s-polarized light, respe
tively. Binding as wellas lipid re
onstitution 
ould be 
learly seen as a shift of the TM3 (p-polarized) andthe TE2 mode (s-polarized) in the angle spe
tra in Fig. 3.20a. The e�e
tive refra
tiveindi
es Ne� of the propagating TM3 and TE2 (Tab. 3.8) are 
al
ulated from the anglespe
tra using (2.42)Changes of dNe� from one layer to the next give information about the anisotropyof the layers. From the angle s
ans it is already obvious that the two modes shiftdi�erently for ea
h layer formation. In order to obtain a more quantitative informationdNe� values of the two modes were simulated for the isotropi
 
ase as a fun
tion ofthe thi
kness of the ITO layer. The thi
kness of the gel-support was set 60 nm. Fromthis so-
alled sensitivity 
urve (Fig. 3.20b) the expe
ted absolute shift dNe� of bothmodes, TM3 and TE2 at a parti
ular thi
kness d of the ITO layer, 
an be derived.In the experiments performed here the two modes should shift at a ratio TM3:TE2 of2.4:1 provided the layers are isotropi
.The a
tual dNe� values derived from the Ne� in Tab. 3.8 show di�erent behavior,
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Chapter 3 Development of a Membrane Model System on Transparent SubstratesPreparation steps Ne� TM3 Ne� TE2Ni2+-NTA modi�ed P(HEAm-
o-TAAm-
o-MABP) 0 0...after C
O adsorption 2.971 ⋅ 10−3 6.432 ⋅ 10−3...after in-situ dialysis for formation of the BLM 5.875 ⋅ 10−3 8.243 ⋅ 10−3Table 3.8: The 
hange of the e�e
tive refra
tive index Ne� of the TE2 and TM3 modesafter ea
h preparation step 
al
ulated using (2.42).
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Figure 3.21: Change of the e�e
tive refra
tive index, dNe� for the TM and TE op-ti
al waveguide modes after ea
h preparation step of the ptBLM onP(HEAAm-
o-NTAAAm-
o-MABP). The dNe� values were derived fromthe Ne� in Tab. 3.8. Results from simulations using an isotropi
 adlayerand the software des
ribed in experimental part are also presented.Fig. 3.21 presents a
tual and simulated dNe� of the protein and the protein/lipidlayer. In both 
ases the two modes, TE2 and TM3, shift at a ratio di�erent from thetheoreti
al one. The TE2 mode shifts even stronger than the TM3 mode in 
ontrastto what is expe
ted from simulation data. This result 
an only be explained byan anisotropy of both the C
O and the lipid/C
O layer. However, with the dipolemoment dire
ted along the x-axis of the C
O a shift of the TE mode indi
ates theC
O mole
ules being arranged more parallel to the surfa
e rather than perpendi
ular.They seem to rearrange into a more upright position as dedu
ed from the di�eren
ebetween TE and TM modes de
reasing after insertion of the lipids as required for awell-ordered planar lipid bilayer.
81



Chapter 3 Development of a Membrane Model System on Transparent Substrates

-3

-2

-1

0

1

2

j 
/ 
m

A
 c

m
-2
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E vs NHE / VFigure 3.22: Cy
lo voltamogram of 
yto
hrome 
 after C
O binding and before ptBLMformation. A 50µM solution of redu
ed 
yto
hrome 
 in PBS was addedto the system. The s
an-rate was 50mV/s. Two s
ans are presented, onetaken immediately after 
yto
hrome 
 was added (bla
k) and one 30minlater (red).3.3.4 Penetration of 
yt 
 through the gel layerCyt 
 is known to be adsorbed to NTA fun
tionalities. Hen
e it was interesting to testwhether or not 
yt 
 would be able to penetrate the NTA-OH fun
tionalized hydrogel.For this purpose, CVs were measured of the ptBLM in PBS bu�er before and afteradding 
yt 
 to the bu�er solution (Fig. 3.22). The CVs re
orded immediately afterthe addition of 
yt 
 showed oxidation/redu
tion peaks with a peak separation of160mV. The detergent solubilized protein layer did not pose a barrier to 
yt 
. TheCV re
orded immediately after 
yt 
 insertion and 30min later do not di�er. Whenthe ptBLM was formed, the slowly in
reasing peaks in the CV showed that the lipidmembrane e�e
tively hindered the 
yt 
 penetrating the gel (Fig. 3.23).3.3.5 Enzyme a
tivity of the C
O residing in the gel-supportedptBLMFinally he Enzyme A
tivity of the C
O was probed by EIS after adding redu
ed 
yt 
to the ptBLM assembly. The resistan
e de
reased at least by an order of magnitudeand 
ould be restored by �ushing the 
yt 
 away with fresh bu�er. A typi
al exampleis shown in Fig. 3.23. These data are very well 
omparable to previous measurements
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E vs NHE / V(b)Figure 3.23: Bode plot of the impedan
e spe
tra (a) and 
y
lo voltamogram (b) of 
yt
 a
tivated C
O after ptBLM formation. A 50µM solution of redu
ed 
yt
 in PBS was added to a
tivate C
O. Bode plot (b) shows the spe
tra afterptBLM formation (empty symbols), after a
tivation using 
yto
hrome 
(red) and after �ushing the 
ell using PBS (bla
k). The s
an rate was50mV/s. The 
y
lo voltamogram (b) shows s
ans immediately after addingredu
ed 
yto
hrome 
 (red), 30min after adding 
yt 
 (blue) and after�ushing the 
ell using PBS (bla
k).with the ptBLM on smooth Au surfa
es. Proton pumping a
tivity was held responsiblefor the de
rease of the resistan
e. This 
an be 
on
luded from the 
omplete restorationof the resistivity after removal of 
yt 
. A repeated ele
tron ex
hange of 
yt 
 withthe ele
trode due to enzyme a
tivity does not appear to take pla
e. This was dedu
edfrom CVs in the absen
e and presen
e of oxygen. An ampli�
ation of the 
urrent wasobserved on the ptBLM on Au surfa
es[35℄ 
ontrary to the gel-supported ptBLM. Inthis 
ase the CV showed not only an in
rease of the 
athodi
 
urrent, but also anin
rease in the peak separation to 364mV between 
athodi
 and anodi
 peaks. This
an be explained in terms of the shuttle me
hanism of ele
tron transfer of 
yt 
 betweenthe enzyme and the ele
trode. In the 
ase of the polymer 
yt 
 has to over
ome a mu
hlarger distan
e to 
arry the ele
tron to the enzyme. Moreover the barrier propertiesof the lipids further limit the mobility of 
yt 
. Hen
e 
yt 
 is expe
ted to bind to itsbinding site on subunit II of the C
O, whi
h is dire
ted to the outside of the ptBLMwhere it eli
its proton transport through the enzyme.
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Chapter 3 Development of a Membrane Model System on Transparent Substrates3.4 SummaryThe ptBLM on NHS-silane modi�ed sili
on was presented. The modi�
ation of thesili
on dioxide surfa
e was shown to be dependent on in
ubation time and silane
on
entration. The best 
overage measured by ellipsometry and 
onta
t angle wasa
hieved at 1% NHS-silane in THF and in
ubation overnight. The formation of aptBLM on sili
on oxide was also observed. Though the membrane resistan
e wassigni�
antly lower 
ompared to the ptBLM on gold. The results derived from themeasurements on sili
on indi
ate that a ptBLM 
an be formed also on oxidi
 surfa
es.Thus the parameters for NHS-silane fun
tionalization of the ITO surfa
e wereadopted from pro
edures developed previously. Formation of a ptBLM was mea-sured by impedan
e spe
tros
opy. The a
tivity of the C
O 
ould be dete
ted by 
y
li
voltammetry using its substrate 
yto
hrome 
 in the redu
ed form. A weak 
atalyti

urrent, veri�ed by measurements under anaerobi
 and aerobi
 
onditions, was ob-served. The reason for the weak a
tivity is the imperfe
t lipid bilayer formation onITO. From the 
hara
terization of the sputtered ITO it 
ould be seen that the surfa
ehad a high roughness with spikes 
overing the entire surfa
e. This 
hara
teristi
s ofthe ITO surfa
e hinders the formation of a 
losed lipid bilayer. The ptBLM supporton ITO had to be further modi�ed in order to a
hieve C
O tethered BLM with goodele
tri
al sealing properties.Therefore a gel-supported ptBLM was formed by 
opolymerization of PFPA andMABP. The very hydrophobi
 PFP-groups were 
onverted into hydrophili
 NTA andOH fun
tionalities. The �rst ones were shown to bind the protein via the His-tagte
hnology whereas the se
ond ones provide hydrophili
 end groups to form a hydrogel.This 
on
ept was shown to work in the dire
tion of very robust polymer-supportedprotein-lipid layers. The polymer had to be highly 
ross-linked in order not to allowfor a protein the size of the C
O to penetrate the polymer network. However, asmaller protein su
h as 
yt 
 was shown to di�use inside the gel layer so as to rea
hthe ITO ele
trode. The presen
e of a well-ordered lipid bilayer 
ould be demonstratedby EIS together with wave guide measurements. EIS spe
tra and CV s
ans of the 
yt
 a
tivated C
O veri�ed that the protein was re
onstituted in a fun
tional manner.EIS spe
tra are also 
ompatible with a water-�lled reservoir for ions.
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Chapter 4Measurement of the MembranePotential by Fluores
en
eSpe
tros
opyOpti
al re
ording of the transmembrane potential 
hange generated by re
onstitutedion translo
ating proteins had been des
ribed previously[21, 22, 94, 99, 104℄. For ex-ample, membrane proteins like the H+-ATPase[49℄ had been re
onstituted into Pro-teolipsomes and the 
hange of the transmembrane potential due to the formation ofan ele
tro
hemi
al proton gradient was monitored using a �uores
ent voltage probe.However, su
h investigations have not been 
ondu
ted on planar membrane systemsbound to ele
trodes.Membrane potentials indu
ed in a planar BLM, su
h as the ptBLM and tBLMon ITO, 
an be measured by �uores
en
e spe
tros
opy. In the �rst instan
e, thesuitability of the ptBLM system on ITO for �uores
en
e measurements was veri�edusing LHCII as the tethering protein. An attempt was made to use LHCII as a probefor the measurement of membrane potentials.An alternative approa
h is a 
ustom made voltage probe su
h as the 
hromophoreaminonaphthylethenylpyridinium (Di-8-ANEPPS). These mole
ules are engineered tobind to and orient within a lipid bilayer in order to exhibit a dire
t ele
troni
 responseto alterations in the membrane potential. The 
hromophore undergoes 
hanges in itsele
troni
 
on�guration, in response to 
hanges in the surrounding ele
tri
 �eld. Emis-sion ratio measurements allow membrane potentials to be quanti�ed via a potential-dependent shift in the emission spe
tra.
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Chapter 4 Measurement of the Membrane Potential by Fluores
en
e Spe
tros
opy4.1 The LHCII Complex in the ptBLM Measured byFluores
en
e Spe
tros
opyLight-harvesting 
omplexes play a 
ru
ial role in photosynthesis. The major peripheralantenna 
omplex LHCII (or LHCIIb) is one of the two existing types of 
hlorophylla/b 
ontaining antenna 
omplexes. This 
omplexes are ordered in an arrangementsurrounding the rea
tion 
enters in the photosystems I and II (PSI and PSII). Alloxygen-evolving photosyntheti
 
ells (e.g. those of higher plants and 
yanoba
teria)
ontain both photosystems I and II, whereas all other spe
ies of photosyntheti
 ba
-teria, whi
h do not evolve oxygen only 
ontain photosystem I. The fun
tion of theantenna 
omplexes is to absorb light energy and transfer it to the rea
tion 
enter,where it is used to drive 
hemi
al rea
tions within the 
ell. The PSII is so far the only
omplex known in nature that oxidizes water to oxygen (Fig. 4.1). Beside this remark-able 
hara
teristi
, the fast (10-15 fs) and e�
ient energy transfer makes the LHCIIalso a potential 
andidate for light-harvesting appli
ations in photo-ele
troni
 devi
eslike photovoltai
 
ells. For those reasons, it belongs to one of the most extensivelystudied transmembrane proteins.4.1.1 Stru
ture and spe
tros
opi
 properties of the LHCIIbfrom peaThe LHCIIBb exist in monomeri
 and trimeri
 forms. It is believed that most LHCII
omplexes are arranged in a trimeri
 form, some minor antenna 
omplexes might alsoo

ur in the monomeri
 form [73, 137℄.The re
ombinant LHCIIb (Lh
b1) 
omplex used in this work is a derivative ofLHCb1*2 (AB80) from pea (Pisum sativum) with Cys79 repla
ed by serine. Theprotein was expressed in Es
heri
hia 
oli with a His-tag added to the C-terminus.Monomeri
 and trimeri
 LHCIIb, bearing the pigments 
hlorophyl a/b and the
arotenoid lutein, were provided by Prof. Paulsen. The detailed pro
edure of expres-sion and re
onstitution of LHCIIb and its pigments was des
ribed already elsewhere[48,51, 102℄.It is essential to exhibit a model of the detailed stru
ture of LHCIIb in order tounderstand the rea
tions that are involved in oxidizing water to oxygen. The LHCIIbused in this study is a trimeri
 
omplex 
onsisting of three symmetri
ally arranged86
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en
e Spe
tros
opy
Reaction center

photon

photonFigure 4.1: Chlorophyll mole
ules in the LHCII 
omplex transfer energy from ex
itedstates of the ele
tron to the rea
tion 
entermonomers[125℄. Ea
h monomer 
onsists of three membrane spanning α-heli
es, 12
hlorophylls at minimum (7 Chl a and 5 Chl b) and 2 
arotenoids. The 
hlorophyllmole
ules are arranged in two levels, one 
lose to the upper and one 
lose to the outerlea�et of the thylkaloid membrane. The maximum thi
kness of the 
omplex, as de�nedby the highest residues on the stromal (outer membrane) side and the lowest one on thelumenal (inner membrane) side, 48Å. The longest and the shortest lateral dimensionsof the monomer are 48Å and 32Å, respe
tively. The 
hlorophylls are atta
hed to thepolypeptide by 
oordination of the 
entral magnesium atom to polar amino-a
id side
hains or to main-
hain 
arbonyls in the hydrophobi
 interior of the 
omplex.The absorption 
hara
teristi
s of the LHCIIb 
omplex is mainly de�ned by the ab-sorption spe
tra of the 
hlorophyll mole
ules Fig. 4.3. This 
hlorophyll mole
ules varyin their absorption 
hara
teristi
s, 
aused by varying substitutes around the porphyrinring. Su
h variation in the 
hemi
al stru
ture of the 
hlorophylls do 
onsiderably altertheir absorption 
hara
teristi
s. However, there are two distin
t bands in the absorp-tion spe
tra of the LHCIIb Fig. ??. One is in the blue region between 400-500 nm also
alled the Soret band, whi
h 
an be assigned to the singlet transition S0→S3 of Chla and Chl b. A se
ond band in the red region between 550-700 nm is assigned to thesinglet transitions S0→S1 (Qy) and S0→S2 (Qx) of the same mole
ules. The two ab-sorption bands 
an be split further into sub-bands. Re
ent investigations at 
ryogeni
temperatures[144℄ show that this sub-bands 
an be assigned to di�erent Chl states, so
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(a) (b)

(
)Figure 4.2: The LHCIIb 
omplex from pea in the trimeri
 form. The 
omplex is pre-sented in the BLM form (a) and from the top view (b) where the arrange-ment of the three monomers 
an be 
learly seen. The 
hromophores (
) arepresented: (green) 
hlorophyll a, (blue) 
hlorophyll b and (red) 
arotenoid.
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en
e Spe
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opy

(a) (b) (
)Figure 4.3: Absorption spe
tra and the 
orresponding mole
ular stru
tures of the pig-ments in LHCIIb[73℄. Chlorophyll a (a), 
hlorophyll b (b) and lutein (
).
alled 'pigment-pools'. The position of the band of ea
h Chl state is de�ned by the lo-
ation of the individual Chl within the 
omplex. The details of this sub-bands are outof the s
ope of this work and will not be dis
ussed further. The 
arotenoids also 
on-tribute to the light absorption in LHCIIb in the blue band (400-500 nm). Carotenoidse�
iently transfer energy to the 
hlorophylls, though their main fun
tions are the sta-bilization of the stru
ture of LHCIIb and, more importantly, prote
tion of the LHCIIb
omplex against toxi
 singlet oxygen.A simpli�ed example of the energy transfer 
as
ade in LHCIIb is presented inFig. 4.4. Through absorption of photon enery hν the Chl a/b and the 
arotenoidsare ex
ited into the singlet states Sn, where n ≥ 1. The Chl a rea
h the ex
ited stateS1 through internal 
onversion from higher ex
ited states or through dire
t absorp-tion of red photons. An ele
tron transfer (ET) o

urs from the S1 states of Chl b orthe 
arotenoids. It is assumed that �uores
en
e light emitted from LHCIIb originatessolely from Chl a.
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en
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tros
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(a) (b)Figure 4.4: A simpli�ed s
hemati
 dipi
tion (a) and a level diagram (b) of the energytransfer me
hanism in LHCIIb.4.1.2 Fluores
en
e spe
tra of the LHCIIb 
omplexThe LHCIIb trimer 
omplexes were made by binding re
onstituted monomeri
 LHCIIbvia its His tag on a ni
kel-
helating fast-�ow Sepharose 
olumn by su
rose gradientultra
entrifugation. For this reason the sto
k solutions used for preparing a ptBLMon hydrogel with LHCIIb 
ontained a high amount of su
rose. To remove su
rosethe solution was �ltrated again through an appropriate membrane using PBS bu�ersolution having 0.05% w/v dode
ylmaltoside (DM).Polymer 
oated ITO samples were prepared as des
ribed in 
hapter 3. P(PFPA-
o-MABP) was spin-
oated on DC sputtered ITO on glass. After 
ross-linking by UVtreatment and annealing in a va
uum oven. The PFP a
vtive ester in the network werethan 
onverted into NTA and OH groups. The NTA fun
tionality were than further
onverted to the Ni-NTA 
helate by immersion of the gel layer into a bu�ered NiSO4solution. The ex
ess Ni was removed by rinsing with an a
etate bu�er solution (pH=4).After that a solution in detergent (DM) of LHCIIb from pea (Pisum sativum) witha his-tag atta
hed to sthe C-terminus was added to the bathing solution. Unspe
i�
adsorbed LHCIIb was removed by rinsing using PBS/DM solution. The phopholipid(DiPhyPC) solubilized in DM was added together with bio-beads. After formation ofthe lipid bilayer the 
ell was �ushed using pure PBS.Laser s
anning images of the re
onstituted LHCIIb were re
orded. The LSM imageof the LHCIIb layer in a BLM is shown in Fig. 4.5. To test whether the �uores
en
edoes originate from immobilized LHCIIb 
omplexes the laser fo
us was pla
ed on sin-
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λ / nm(b)Figure 4.5: Laser s
anning image (LSM) (a) and example of a �uores
en
e spe
tra (b)of the re
onstituted LHCIIb in a polymer supported ptBLM system onITO. The image and the spe
tra were re
orded using a 
onfo
al mi
ros
ope.The LHCIIb 
omplex was ex
ited using the argon line 488 nm and emissionwas 
olle
ted after a LP650 long pass emission �lter. The blea
hing spotsin (a) indi
ate the lo
ation where the spe
tra (b) were re
orded. Theintensity in the blea
hed area did not 
hange with time supporting theassumption that the LHCIIb had been immobilized on the surfa
e.

91



Chapter 4 Measurement of the Membrane Potential by Fluores
en
e Spe
tros
opygle spots of the s
anning area and the spot was blea
hed using maximum power. Thisblea
hed areas are 
learly seen as dark spots in Fig. 4.5b. The time dependent �uo-res
en
e intensity within the blea
hed areas was measured. The �uore
en
e intensitydid not re
over indi
ating that the LHCIIb 
omplex was immobilized on the surfa
e.The �uores
en
e spe
tra of the surfa
e bound LHCIIb was also measured (Fig. 4.5b).The spe
tra agrees very well with �uores
en
e spe
tra of LHCIIb in bulk solutionsre
orded with a �uorometer. As expe
ted the emission had a maximum at 682 nmand therefore 
an be assigned to the 
hlorophyll Chl a in the 
omplex.4.1.3 Potential dependent �uores
en
e spe
tra of LHCIIbLHCIIb was immobilized as des
ribed. The square wave potential shown in Fig. 4.6awas applied to the ptBLM system (bias potential -50mV) and the �uores
en
e inten-sity 
hange indu
ed by the potential step was re
orded. The �uores
en
e spe
tra atea
h potential step was also measured.
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(b)Figure 4.6: Fluores
en
e intensity 
hange of the LHCIIb in a ptBLM indu
ed by squarewave potential (inset) of varying amplitude. The measurement was trig-gered by the rising edge of the periodi
 square wave pulses. The timeperiod was 100ms. (b) The 
orresponding �uores
en
e spe
tra are alsoshown.As 
an be seen in Fig. 4.6, the intensity drops drasti
ally with ea
h potential step.The 
hara
teristi
s of the 
urve in Fig. 4.6a is similiar to the exponential de
ay of a
92



Chapter 4 Measurement of the Membrane Potential by Fluores
en
e Spe
tros
opyblea
hing pro
ess. The measurement was also performed after allowing a pre-blea
hingtime to elapse while full laser power was hold at the re
ording site. In any 
ase, theintensity dropped to a very low level where the bad S/R ratio did not allow dete
tionof 
hange of �uores
en
e from LHCIIb indu
ed by the applied potential in the ptBLM.4.2 Potential-dependent Emission Spe
tra of aPotentiometri
 Dye in a Planar BLMIn the previous se
tion the suitability of the �uores
ating 
omplex LHCII as a mem-brane potential probe was investigated. The inherent fast blea
hing of the LHCIIbhinders the measurement of the �uores
en
e intensity 
hange as a response to an ex-ternal voltage applied to the ptBLM. Any ba
kground noise, whi
h is 
onsiderablyredu
ing the S/R of our measurement, 
an be 
ompensated by employing a ratio-metri
 approa
h. Moreover, potentiometri
 dyes used to stain the membrane surfa
e
an also serve as a probe for the ele
tri
 �eld around the membrane. There have al-ready been numerous reports of spe
i�
ally designed dyes for the dire
t measurementof membrane potentials, parti
ularly in the �eld of neuros
ien
e[27, 30, 94, 97, 98℄.Here, the dye di-8-butyl-amino-naphthyl-ethylene-pyridinium-propyl-sulfonate (di-8-ANEPPS) was 
hosen. The membrane potential of a tBLM and a ptBLM indu
ed bya de�ned external voltage was measured by ratiometri
 �uores
en
e spe
tros
opy.4.2.1 The styrle dye Di-8-ANEPPSDi-8-ANEPP is an amphiphili
, fast-responsive staining dye for 
ell membranes andbelongs to the group of voltage sensitive, or rather potentiometri
 dyes. Be
auseof its sensitivity to the spatial and temporal variations of the membrane potential
∆φm respe
tively ele
tri
 �eld E⃗ along the surfa
e of a 
ell membrane, it has beenfrequently used in neuros
ien
e to monitor neuronal ele
tri
al a
tivity. To understandthe me
hanism that underlies the sensitivity of the dye to 
hanges of the ele
tri
 �eld,one has to 
onsider the design of the mole
ule[76℄.A

ording to its mole
ular stru
ture depi
ted in Fig. ?? the dye is attributed to thestyryl or naphthylstyryl 
lass of mole
ules. The hydro
arbon 
hain a
ts as an an
horto the lipid membrane whereas the 
hromophore has a highly lo
alized, well exposed
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Figure 4.7: Mole
ular stru
ture of the potentiometri
 dye di-8-ANEPPS and ex
itedstate intra-mole
ular redistribution of the positive 
harge.
Figure 4.8: Lo
ation of di-8-ANEPPS in a lipid membrane shown s
hemati
ally. Theex
itated state dipole moment qr⃗ of di-8-ANEPPS in the membrane isparallel to the intramembrane ele
tri
 �eld E⃗.ground-state 
harge at the pyridium nitrogen and a 
ompensating negative 
harge inthe sulfate group. The favored orientation of the 
hromophore in the lipid membraneis 
lose to the aqueous phase so that the mole
ule is aligned perpendi
ular to themembrane surfa
e. Ex
itation indu
ed 
harge redistribution qr⃗ from the pyridiumnitrogen to the aminophenyl end of the 
hromophore will o

ur parallel to the ele
tri
�eld E⃗ of the membrane (Fig. 4.8).A

ording to

h∆ν = −qr⃗ ⋅ E⃗ (4.1)where h is the Plan
k 
onstant, the intera
tion of the ele
tri
 dipole moment of theex
ited state with the ele
tri
 �eld of the membrane will 
ause a dire
t ele
tro
hromi
shift ∆ν of the absorption and �uores
en
e spe
tra of di-8-ANEPPS. As Eqn. 4.1 alsoshows, the maximum shift will o

ur if the 
harge redistribution is parallel to E⃗ whi
h94
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tros
opyis exa
tly the 
ase here.In general, it is di�
ult to devise a �gure of merit for the opti
al dete
tion of ∆ν.The signal strength depends very mu
h on the staining 
onditions. For �uores
en
e,this 
an be over
ome by dete
tion of relative 
hanges of the emitted light spe
tra,whereby ba
kground �uores
en
e from stained, non-responsive parts of the membranehave to be limited. If pre
autions have been taken a

ordingly, one 
an �nd thatthe relative 
hange ∆F /F of the emitted intensity, for example in voltage-
lamped
ell membranes stained using DI-8-ANEPPS is within 5-10% for a 100mV potentialstep[19, 56, 75, 142℄.4.2.2 Fluores
en
e emission and ex
itation spe
tra ofDi-8-ANEPPSThe absorption and �uores
en
e spe
tra of di-8-ANEPP had been investigated ex-tensively before. It had been found that di-8-ANEPPS had an absorption band at450-550 nm with an extin
tion 
oe�
ient of 4 ⋅104 when membrane bound. The Stokesshift of the emission maxima is within 100-150 nm [36, 43℄, whi
h makes di-8-ANEPPsuitable for appli
ations in highly s
attering preparations. The �uores
en
e quantumyields are about 0.3 for the membrane bound dyes and a fa
tor of 100-1,000 timesless in water. For this reason, given that the binding of the dye to the membraneis strong enough, ba
kground �uores
en
e from unbound dye 
an be negle
ted undermost experimental 
onditions.To 
on�rm the reported spe
tral 
hara
teristi
s of di-8-ANEPPS, �uores
en
e ex
i-tation and emission spe
tra were measured in two di�erent environments; �rst the dyewas dissolved by dilution of a di-8-ANEPPS/methanol sto
k solution in PBS. Se
ond,di-8-ANEPPS was in
orporated into lipid vesi
les of 100 nm diameter. The vesi
leswere produ
ed by extrusion using a suspension of DiPhytPC and di-8-ANEPPS inPBS.After preparation of ea
h solution �uores
en
e ex
itation spe
tra with the emissionmono
hromator set to 630 nm and emission spe
tra with the ex
itation set to 488 nmwere re
orded (Fig. 4.9). The ex
itation wavelength was 
hosen a

ording to the Arlaser line used in later experiments. For the di-8-ANEPPS stained vesi
les in PBSthe maximum of ex
itation is at 467 nm and that of the emission spe
tra within 583-589 nm. Whereas in the 
ase of freely di�using di-8-ANEPPS solubilized in PBS the95
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Figure 4.9: (A) Fluores
en
e ex
itation spe
tra (red) and emission spe
tra (bla
k) ofdi-8-ANEPPS in PBS (dashed line) and DiPhytPC vesi
les (solid line).The intensities are normed to the maximum of the spe
tra re
orded invesi
les. (B) Zoom of the dashed 
urve in (A). Con�guration of measure-ment; ex
itation spe
tra with the emission mono
hromator set to 630 nmand emission spe
tra with ex
itation set to 488 nm. Fluores
en
e intensityof di-8-ANEPPS in bulk solution is two orders of magnitude less than inlipid vesi
les.emission maximum was within 636-651 nm.The spe
tra show that the �uores
en
e intensity of the probe bound to the mem-brane was by two orders of magnitude higher than in the unbound state. The maxi-mum shifted to the blue wavelength range by 50 nm in a

ordan
e with the �ndingsreported before for an analog membrane probe[40, 74, 77℄. The shift originates fromthe preferred orientation of the dye within the membrane and 
an be explained by thedi�erential solvation whi
h is absent in a homogeneous solution. In the ground statethe positive 
harge (Fig. 4.7) is 
entered in the pyridium ring and is surrounded bythe polar head groups of the lipids. Thus, the ground state stabilization is 
omparableto the situation in a polar solvent. Upon ex
itation the 
harge is pushed into thehydrophobi
 region of the membrane where the verti
al ex
itated state is raised aboveits initial energy state in a polar solvent environment, thereby 
ausing a blue shift ofabsorption and emission spe
tra.Correspondingly the Stoke shift in an anisotropi
 medium like a membrane is lowerthan in the bulk solvent. In bulk solution the solvent mole
ules surround the dye. Ifdi-8-ANEPPS is ex
ited the solvent mole
ules undergo fast reorientation (20x shorter96
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en
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opytime s
ale than �uores
en
e lifetime) upon alteration of the ele
troni
 
on�gurationof the dye. This lowers the energy level of the ex
ited state signi�
antly and is theunderlying reason for a higher Stokes shift in a polar solvent. If the e�e
tive degree offreedom is redu
ed, e. g. a 
on�ned environment like a lipid membrane, reorientationis limited and, thus, a lower Stokes shift is expe
ted as seen in Fig. 4.94.2.3 Ratiometri
 �uores
en
e spe
tros
opyVarious te
hniques have been implemented to date to measure membrane potentials[6,41, 42℄. Very often, the relative �uores
en
e intensity ∆F /F following the potential
hange is used as the quantity of measurement, that is the �uores
en
e intensity vari-ation ∆F as normalized to the average �uores
en
e F at a referen
e potential. Yet,
∆F /F is not suitable for the determination of absolute potential value in mV. Thereason is, that the relative 
hange ∆F /F is not 
omparable for di�erent preparations,or even at di�erent points within the same preparation. Variations in staining 
on-dition, blea
hing or signal strength do not allow the dire
t 
al
ulation of ∆φm out of
∆F /F valuesOne way around is the ratiometri
 approa
h. Instead of using absolute values fromintegrated �uores
en
e intensities over one band, the ratio R of two distin
t wavelengthregions of the same band 
an be used as a measurement parameter. The advantage ofthis te
hnique is that all interfering sour
es of noise that a�e
t the whole spe
tra arethereby 
an
eled out. This means that the ratio R is insensitive to blea
hing, stainingor laser �u
tuations. Thus, the signal to noise ratio S/R is 
onsiderably enhan
ed,whi
h is ne
essary as most of the potential sensitive dyes, in
luding di-8-ANEPPS,
ommonly have a very low signal response in all experimental setups, ∆F /F (usually5-10% maximum). Sometimes the signal strength is not far from the �u
tuation ofthe ex
itation light sour
e.An analog method[18℄ was applied here to measure the response of di-8-ANEPPSto membrane potential 
hanges (Fig. 4.10). The spe
tral regions sele
ted to form aintensity ratio are found on the blue and the red side of the ∆F /F = 0 point at λ0,whi
h is the potential insensitive point in the spe
tra (Fig. 4.12). The ratio R is thenformed by

R =
∆F /F <λ0

∆F /F >λ0

(4.2)
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en
e Spe
tros
opywhere∆F /F <λ0
is the relative intensity 
hange in the spe
tral region below λ0. ∆F /F >λ0is the relative intensity 
hange above λ0. Depending on the sign of the �eld the �uo-res
en
e spe
tra of the dye is shifted to the blue or to the red side. The intensity ineither side of the spe
tra 
hanges in opposite dire
tions. That is why R is not only
orre
ted for noise, but also the strength of the signal is in
reased and 
onsequentlythe sensitivity.For that purpose a modi�ed 
onfo
al mi
ros
ope setup was established (Fig. 4.11).The ex
itation light was dire
ted towards a primary di
hroi
 mirror, separating theex
itation and emitted light. The emitted light was further divided into two spe
tralparts using the se
ond di
hroi
 mirror. In ea
h beam path the light passes an emission�lter of appropriate 
hoi
e and a pinhole before it is �nally dete
ted by APDs. A
ombination of various emission �lters were tested in terms of S/R and signal strengthbefore a �nal 
hoi
e was made. If the �uores
en
e intensity was too low, the pinholediameter was in
reased appropriately in order to in
rease the dete
tion volume withinthe sample, in those 
ases, the mi
ros
ope was not operated in the 
onfo
al modeanymore. The details of the 
hosen 
ombination of di
hroi
 mirror and emission �ltersare expli
ated in Fig. 4.11. The relative intensities I1 and I2 of the emitted light inea
h path were further pro
essed o�ine by formation of the ratio R, digital �lteringand normalization to the referen
e potential ∆φ0.The region of interest of the emission spe
trum of di-8-ANEPPS de�ned by thesele
ted 
ombination of emission �lter/di
hroi
 mirror is presented in Fig. 4.12 usingthe di�eren
e spe
trum 
al
ulated from the exampli�ed spe
tral shifts in Fig. 4.11.An external voltage u(t) was applied to the planar ele
trode support through awaveform generator and 
onne
ted to a potentiometer using a three ele
trode 
on�gu-ration des
ribed before (??). The time dependent �uores
en
e response of the dye to

u(t) was measured. However, before analyzing the results preliminary 
onsiderationshave to be taken regarding the response of ∆φm(t) to u(t).The aim of this work (see se
tion 1.3) is to relate quantitatively the membranepotential indu
ed by u(t) in a ptBLM to the �uores
en
e intensity 
hange. The self-generated ∆φm(t) is a potential di�eren
e a
ross the membrane. In the ptBLM ge-ometry, where a sub-membrane spa
e below the lipid/protein layer adja
ent to theworking ele
trode exists, this potential di�eren
e is not ne
essarily equal to the ap-plied voltage u(t). However, 
al
ulations based on a ele
tri
al network model andusing the ele
tri
al parameters derived from EIS measurements in 
hapter 3 provide98
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) (d)Figure 4.10: Spe
tral shifts of the emission of di-8-ANEPPS presented s
hemati
allyfor a random membrane potential ∆ψ. The graphs (a) and (
) show theshift upon (b) depolarization and (d) hyperpolarization. E is the �eldgradient of the transmembrane potential ∆ψ.
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Figure 4.11: Depi
tion of the ratiometri
 �uores
en
e spe
tros
opy setup; ex
itationlight used was the 488 nm line of an Ar Laser, BS1 primary di
hroi
 mirrorHFT488, O1 water immersion obje
tive 40x/1.2NA, BS2 se
ondary beamsplitter NFT 635, M1 mirror, IF1 interferen
e �lter BP 530-600, IF2 in-terferen
e �lter LP 650, PH1/PH2 pinhole, APD1/APD2 avalan
he pho-todiode; the ele
tro
hemi
al 
ell, WE transparent working ele
trode, CE
ounter ele
trode, RE referen
e ele
trode; the resting potential ∆φ0 = 0.
100
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Figure 4.12: Di�eren
e spe
trum of the spe
tral shift in Fig. 4.10. The 
olor 
odefor the shift dire
tion is analog to Fig. 4.10 The transmission band ofthe emission �lters IF1/IF2 in Fig. 4.11 are presented as blue and redboxes, also indi
ated is the the se
ondary di
hroi
 mirror from the setupin Fig. 4.11 (solid line at 635 nm).
∆φm(t) values for a de�ned u(t). This model 
al
ulations are now des
ribed in detail.4.2.4 The response of the transmembrane potential in a planarBLM to an external voltageThe rise time for the membrane potential following a voltage waveform, e. g. asquare wave applied dire
tly a
ross the membrane employing a voltage 
lamp or planarele
trode 
on�guration, is determined by the produ
t of the membrane resistan
eand 
apa
itan
e and is therefore usually in the ms time domain and independent ofgeometry. If the waveform of the external signal u(t) has a frequen
y far enough abovethe time 
onstant of the RC equivalent of the membrane, the membrane potential
∆φm(t) follows instantaneously the voltage signal. The phase shift between u(t) and
∆φm(t) is negligible.This simpli�ed view is true for many 
ases, though the 
harge transfer pro
esses in areal lipid bilayer and its e�e
t on ∆φm 
an not be modeled using simple passive 
ir
uitelements like resistors and 
apa
itors. Even in the simplest 
on�guration like thetethered BLM, where potential dependent passive ion transport through the membranenot mediated by any protein o

urs, a di�erent model a

ounting for the kineti
s ofion transport is required. An attempt had been made in this regard to use potential101
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en
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tros
opydependent rate equations, however, this model was not able to in
orporate the ele
tri
�eld and the 
on
entration gradients throughout the system. Hen
e, a model thatalso in
ludes mathemati
al formulation of the transport pro
ess a
ross the membranebeside the passive 
ir
uit elements has been developed. This model adopts a moregeneral approa
h utilizing the integrated Nernst-Plan
k equation instead of fo
usingon parti
ular me
hanisms. In
Φi = PiΨ

ci,1 expΨ − ci,2

expΨ − 1
; Ψ =

ziF∆φm

RT
(4.3)the �ux Φi of the ith ion is related to the permeability 
oe�
ient Pi, the ion 
on-
entrations ci,1 and ci,2 on either side of the membrane and the membrane potential

∆φm. Moreover, zi is the 
harge number and R,T,F the usual 
onstants. The 
urrentdensity ji is then des
ribed by
ji = ziFΦi (4.4)and the time dependen
e of the membrane potential 
an be 
al
ulated from

d

dt
∆φm = (J −∑

i

ji)/Cm (4.5)where J denotes the ele
tri
al 
urrent density running through the system and dete
tedby the measurement devi
e, Cm is the membrane 
apa
itan
e.The model was expressed in a ele
tri
al network presentation, where the parametervalues des
ribed are assigned to the network elements. An ele
tri
al simulation pro-gram written in SPICE (S	imulation P	rogram with I	ntegrated C	ir
uit E	mphasis) wasused to investigate the time tra
e of ∆φm following a voltage waveform. The detaileddes
ription of the SPICE model and simulation pro
edure, whi
h was developed inour group is presented in[113℄.The time dependent 
hange of ∆φm in a tBLM on ITO (se
tion 3.2.3) was analyzedusing the SPICE simulation program. A voltage square wave
u(t) = ubias + u0

2
{1 + sgn(sin t)} (4.6)using a bias potential ubias and amplitude u0 was implemented. For the network el-ements averaged values of the �tted parameters in 
hapter 3 were used. The valuesfrom 3.2.3 were assigned in �rst pla
e; membrane 
apa
itan
e Cm=12 µF/
m2, ele
-102
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Figure 4.13: Example of the simulated potential di�eren
es ∆φm (dashed line) and
∆ψsr (solid line) during re-equilibration of ions at di�erent potential stepsu0 (inset); u0 is (red) 80mV, (bla
k) 100mV and (blue) 120mV.trolyte resistan
e Rel=100W⋅
m2. Csc was set to 15µF. The geometri
al parameter

Vsr, volume of the spa
er region, was estimated to be 0.22 nL/
m2. KCl was used toprepare a phosphate bu�er solution (PBS), thus, the 
harge numbers of the ions K+and Cl � were
zK = 1 zCl = −1and the bulk 
on
entration
cK = cCl = 0.1M.The temperature was set to 25�, further parameter settings are des
ribed in theappendix[113℄.The distribution of potential di�eren
es a
ross the layered stru
ture following the ap-pli
ation of single step potentials using di�erent u0 at ubias=0 was analyzed (Fig. 4.13).Only in a short initial phase, before any appre
iable ion transport does o

ur, the ap-plied potential drops mainly a
ross the lipid membrane, ∆φm, as intuitively expe
tedfrom the lower 
apa
itan
e of the membrane 
ompared to that asso
iated with thespa
er region, and the high resistan
e of the lipid bilayer. The potential di�eren
es
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Figure 4.14: Simulation of the fast initial phase of the ∆φm built up at varying spa
erregion 
apa
itan
e Csr; (red) 5µF, (bla
k) 8µF, (green) 10µF, (blue)12µF and (purple) 15µF. The membrane 
apa
itan
e was 12µF. Thepeak value of the potential di�eren
e is determined by eq. 4.7.formed in the fast initial phase ∆φm and ∆φsc are determined by
∆φm = u0

Csr

Cm +Csr

(4.7)
∆ψsr = u0

Cm

Cm +Csr

(4.8)In the 
ourse of the repartitioning of ions the distribution of potential di�eren
es isshifted towards the spa
er region and, after equilibration of the ions, almost all of theapplied potential drops a
ross the 
apa
itan
e Csr whi
h a

ounts for the balan
e of
harges at the ele
trode surfa
e. The overall pro
ess of repartitioning is biphasi
 andtakes 
ourse within time ranges of up to 12 h.In a se
ond step, the initial phase in the time tra
e of Fig. 4.13 was further analyzed.In Fig. 4.14 the response of the membrane and spa
er region potential di�eren
e, ∆φmand ∆φsr to a voltage step u0 of 80mV, is presented. After a fast built up to themaximum value determined by eq. 4.7, no signi�
ant 
hange in ∆φm and ∆φsr 
ouldbe observed.Therefore, in order to allow the membrane potential to instantaneously follow aperiodi
 voltage signal, the frequen
y of the applied signal has to be 
hosen appropri-ately, i. e. the time period of the signal has to be short enough, so that repartitioning
104
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t / ms Figure 4.15: Example of the simulated response of potential di�eren
es ∆φm to asquare wave voltage with varying amplitude u0. The amplitude of the ex-ternal voltage; (red) 80mV, (bla
k) 100mV, (blue) 120mV and (green)150mV. The membrane 
apa
itan
e was set to 12µF and that of thespa
er region 15µFof ions 
an be negle
ted. On the other side, the time length of a series of voltagepulses needs to be long enough 
ompared to

τ = Rex(Cm +Csc) (4.9)sin
e the membrane potential ∆φm must built up to its maximum value and the pulseto pulse variation should be kept low.In Fig. 4.15 the applied square wave voltage u(t) and the response ∆φm of the SPICEmodel 
ir
uit to u(t) are shown as an example. The frequen
y and bias potential of theapplied external voltage are 10Hz and 0mV respe
tively. The amplitude u0 was variedbetween 80mV, 100mV, 120mV and 150mV. The membrane potential∆φm rises witha single exponential and the time 
onstant is determined by the 
ondu
tivity of thebu�er solution and the overall 
apa
itan
e 
onsisting of Csr and Cm. The membranepotential builds up to rea
h 42mV at u0=80mV, 52mV at u0=100mV and 62mV atu0=120mV. At the trailing edge of the applied square wave the pro
ess reverses and
∆φm drops down to zero.The simulations show that passive ion transport through the membrane has to be
onsidered, if the time period of the applied periodi
 voltage signal is within the time
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en
e Spe
tros
opyrange where repartitioning of ions has an e�e
t on∆φm. For the experiments des
ribednow 10Hz square wave signals of the form eq. 4.6 were applied to the tBLM and gelsupported ptBLM on ITO. Hen
e, the repartitioning of ions 
ausing a de
rease of
∆φm 
ould be negle
ted. ∆φm and a

ordingly the �uores
en
e signal should followthe time tra
e of the external 
ommand voltage as derived from the simulations in(Fig. 4.15).4.2.5 Fluores
en
e spe
tra of the di-8-ANEPP dye in a tBLMThe potentiometri
 probe di-8-ANEPPS was used to measure the potential indu
edby a square wave voltage applied to the tBLM on ITO. The model membrane waspresented in se
tion 3.2.3. In the experiments des
ribed now, modulation of dye�uores
en
e was re
orded utilizing the ratiometri
 te
hnique.Sto
k solutions of di-8-ANEPPS were prepared in a MeOH/DMSO (9:1) solution
ontaining Pluroni
-F127 (0.05% v/v) and stored at 4°. The tBLM was stained 30minby introdu
tion of 20mM di-8-ANEPPS. Ex
ess dye was removed by several washesusing PBS. The ex
itation wavelength was 488 nm. The resting potential, the bias ofthe voltage signal, was kept 
onstant at ubias=-80mV throughout the whole experi-ments.The amplitude u0 of the square wave signal was set to 120mV. From the dis
ussionin se
tion 4.2.4 it was 
on
luded that the a
tual potential di�eren
e over the mem-brane in planar BLMs strongly depends on the parameters of the system su
h as thespa
er region 
apa
itan
e. For that reason, SPICE simulations were 
ondu
ted to
al
ulate the a
tual membrane potential ∆φm in our system for ea
h amplitude usingthe resistan
e and 
apa
itan
e values derived from EIS measurements (se
tion 3.2.3).A

ording to this data the 120mV potential step of the external voltage from -80mVbias would 
orrespond to a ∆φm step from -50mV to +70mV. However, from now onpotentials stated in this se
tion refer to ∆φm 
al
ulated from the applied voltage, i.e.the setting at the waveform generator (ubias and ubias), as des
ribed in the previousse
tion.The �uores
en
e intensities in the blue and the red region of the spe
tra werere
orded. A multistage signal pro
essing s
heme was performed afterwards for ratioformation and noise redu
tion (se
tion 4.2.3). Brie�y, the emitted light was sepa-rated into two '
hannels' using a beam splitter (635 nm). The light guided to a band106
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Figure 4.16: The rising edge of a single membrane potential pulse. The edge was �ttedusing a single exponential fun
tion (red line).pass �lter (530-600 nm) is denoted as the 'blue 
hannel', whereas in the 'red 
hannel'light is guide through a long-pass �lter (650 nm). The two �uores
en
e signals were
aptured by a pair of equivalent APDs. Ea
h of these dete
tors was simultaneouslysampled during the time the laser beam dwells at a parti
ular re
ording site. Thesemeasurements were then digitized and a ratio was formed between these 
orrespondingobservations. Ea
h of the two �uores
en
e signals 
ontains all �u
tuations originatingfrom ba
kground sour
es and were 
onveniently removed during the ratio formationpro
ess.In Fig. ?? an example of the modulated �uores
en
e intensity ∆F /F of di-8-ANEPPS is presented. The response to an os
illating ele
tri
 �eld 
ould be dete
tedby signal averaging. The time tra
e was derived by averaging of 300 independentre
ordings, ea
h having a length of 1 s. The sign of the response depends on whetherthe dye is lo
ated in the outer or inner lea�et of the membrane. In our 
ase, wheredi-8-ANEPPS is lo
ated in the outer lea�et, the �uores
en
e intensity 
hange in thered 
hannel and the square wave signal are expe
ted to be of the same sign, whi
h isalso re�e
ted by the data in (Fig. 4.17b). The tra
e of the opti
al signal follows a sin-gle exponential fun
tion. In many 
ases, the system is adequately des
ribed by a RCequivalent 
ir
uit, the time 
onstant is 3ms for the tBLM in Fig. 4.16. The kineti
sare independent of dye 
on
entration but do depend on KCl 
on
entration sin
e this
ontrols Re in (4.9). The slope of the membrane hyperpolarization and depolarization(Fig. 4.16) was �tted using single exponential exp(−t/τ). The value obtained, 2.7ms,107
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en
e Spe
tros
opyu0 / mV Rn30 0.022 ± 0.0350 0.03 ± 0.03280 0.048 ± 0.036120 0.067 ± 0.034Table 4.1: The 
hange of the ratio Rn in a tBLM at di�erent amplitudes u0 of thesquare wave voltage. The bias potential was at -50mV.is within the range 
al
ulated for the tBLM on ITO.The size of the response ∆F /F was typi
ally 5% of the total transmitted lightsignal at 488 nm ex
itation for a +120mV potential step (Fig. 4.17). But this relationbetween membrane potential and ∆F /F was in
onsistent if 
ompared for di�erentsamples, or di�erent re
ording sites of the same sample. This trial-to-trial variationwas redu
ed when the ratio R was formed between the red 
hannel and the blue
hannel (Fig. ??). However, in similar studies on 
ell membranes it was found that,there was a 
onsiderable variability in the absolute magnitude of R. The results be
amemu
h more 
onsistent in this regard, if a normalized parameter Rn was introdu
ed.It is formed by subtra
tion of a referen
e value R0 at 0mV membrane potential fromthe measured signal R. Under our experimental 
onditions, Rn 
an be used to inferabsolute potential 
hanges.
Rn = R −R0 (4.10)Rn was formed in the experiments des
ribed here for varying amplitudes u0 of theexternal square wave voltage and a bias potential of -50mV (Fig. 4.18b). The resultsshow a linear relation between Rn and the membrane potential∆φm. Using this valuesthe 
onversion fa
tor of Rn to mV 
ould than be determined from the linear �t. Underour experimental 
onditions the fa
tor was 0.03-0.05 per 100mV potential 
hange and
onsiderably lower than the values reported for similar experiments on lipid bilayer ofdi�erent geometry[59℄. The limit of dete
tion (LOD) was rea
hed at 30-50mV, wherethe Rn value was 
lose to the ba
kground noise level.
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 membrane potential signals a

ording to the signal pro-
essing s
heme des
ribed in the text. (a) The membrane potential is in-du
ed by external square wave voltage with an amplitude of 120mV anda bias potential of -80mV (see eq. (4.6)). (b) The �uores
en
e 
hangeof the red (>635 nm) and (
) blue 
hannel (<635 nm) was re
orded (seese
tion 4.2.3). (d) A ratio R was formed from these signals and the nor-malized value Rn was 
al
ulated.109
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hange of the ratio Rn in a tBLM on ITO at di�erent amplitudes u0of the applied square wave voltage. (a) An example showing the squarewave pulse for u0 120mV (bla
k) and 30mV (red). Resting potential was-50mV. (b) The values are averages of ten square wave pulses and theerror bars indi
ate the resulting standard deviation of Rn at ea
h voltage,whi
h was always around ±0.03 (Tab. 4.1).4.2.6 Membrane potential in a ptBLM measured byratiometri
 �uores
en
e spe
tros
opyThe feasibility of the ratiometri
 emission spe
tros
opy for the measurement of themembrane potential in planar membrane systems was shown by means of a tBLM onITO. Using the same experimental 
onditions the membrane potential in a ptBLMwas measured.The dye Di-8-ANEPPS is in
orporated only into the lipid bilayer pat
hes formedbetween the proteins. For that reason, it was expe
ted that the total emitted intensityin a ptBLM will be 
onsiderably lower 
ompared to the measurements in a tBLM,where 100% of the layer 
onsists of lipids and, hen
e, the bilayer is stained to a higherdegree. Even though Rn should be independent of staining 
ondition, in general, thiswould somehow result in a de
reased S/R and a lower sensitivity of our ratiometri
measurement to potential 
hanges in a hydrogel-supported ptBLM 
ompared to thosein the tBLM.The samples were prepared a

ording to the pro
edure des
ribed in the previousse
tion. An identi
al setup for the ratiometri
 approa
h was used and the voltagesignal had a frequen
y of 10Hz. The 
apa
itan
e of the spa
er region, whi
h is formed
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es of Rn for a ptBLM (red) and tBLM (bla
k). The square wavevoltage applied had an amplitude of 120mV and a bias of -50mV. Thedashed line indi
ate the zero level and the magnitude of ea
h signal.by the hydrogel support in
reases drasti
ally 
ompared to the short linker monolayerin the tBLM, due to the uptake of water. This was taken into a

ount when theexternal voltage bias was applied to the system. In order to be able to 
ompare theresults from the tBLM with those from the ptBLM system, the e�e
tive membranepotential applied should have equal magnitudes. Be
ause of the high water amount inthe gel, it was assumed that the potential applied will almost 
ompletely drop over themembrane, 
ontrary to the tBLM 
ase, where a low 
apa
itan
e of the spa
er region
auses a lower potential di�eren
e over the membrane. Consequently, the bias ubias ineq. (4.6) was hold at -50mV during this experiment.The magnitude of Rn at 120mV was 0.05. The time 
onstant of the membranedepolarization and hyperpolarization, i.e. the edges of the square wave voltage pulse,was derived from the time tra
e of Rn by least squares �t using a single exponentialfun
tion. The result 2.3ms is 
lose to the 
al
ulated value eq. (4.9). The potentialstep u0 was also varied from 80mV to 120mV. However, be
ause of the low S/R ofthe measurements in a ptBLM the sensitivity was also low. In order to determinethe absolute voltage resolution in our system, the smallest resolvable voltage step wasre
orded. The 
riterion was that the resulting step in Rn 
ould be 
learly separatedfrom a baseline at -50mV. The smallest potential 
hange dete
table was 80mV.
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Chapter 4 Measurement of the Membrane Potential by Fluores
en
e Spe
tros
opyu0 / mV Rn80 0.005 ± 0.044120 0.029 ± 0.049150 0.05 ± 0.044Table 4.2: The values of Rn in a ptBLM at di�erent amplitudes of the square wavepotential. The bias potential ubias was set to -50mV4.3 SummaryIn summary, �uores
en
e spe
tros
opy was performed on hydrogel-supported ptBLMs.The �uores
ent LHCII was used in a �rst pla
e to form the ptBLM. Emission spe
traof LHCII were measured and it was shown that the spe
tra was 
omparable to thosere
orded in bulk phase. The data showed that �uores
en
e spe
tros
opy 
ould beapplied on the hydrogel-supported ptBLM on ITO with high sensitivity. The LHCIIwas then tested as a probe for the membrane potential. However, strong blea
hinge�e
ts did not allow dete
tion of 
hanges in membrane potential di�eren
es. Hen
e thepotential sensitive dye Di-8-ANEPPS was used. Di-8-ANEPPS was in
orporated intothe lipid bilayer pat
hes formed between C
O. Membrane potential 
hanges were mea-sured by ratiometri
 emission spe
tros
opy. Potential 
hanges with down to 80mV,i.e. the smallest resolvable potential 
hange, 
ould be dete
ted. The absolute voltageresolution was lower 
ompared to the referen
e measurements in tBLM. This 
ouldbe explained by the smaller lipid amount in the ptBLM. A 
onversion fa
tor of 0.05in Rn per 100mV was derived from the tBLMs on ITO as a referen
e system. Theresults prove that the important parameter ∆φm, not a

essible by ele
trophysiolog-i
al approa
hes on planar membrane systems like the ptBLM, 
an be measured by�uores
en
e spe
tros
opy.
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Chapter 5Con
lusion and OutlookThe ratiometri
 �uores
en
e te
hnique was shown to be a general approa
h for themeasurement of the potential di�eren
e ∆φm a
ross the lipid membrane in a protein-tethered BLM indu
ed by externally applied voltage. The results derived from thesemeasurements 
an be used as a basis for future investigation of the self-generated ∆φmof C
O in a ptBLM.In order to be able to apply the ratiometri
 �uores
en
e spe
tros
opy simultaneouslywith ele
tro
hemi
al measurements a new fun
tionalization strategy for the ptBLMon ITO had to be developed, whi
h is di�erent from the previous one for novel metalsubstrates. The ITO layers 
ommer
ially available proved to be inappropriate for thispurpose. The ele
tri
al properties and the surfa
e morphology were not reprodu
ible.Consequently, the work started with the optimization of the ITO layer properties us-ing di�erent sputtering parameters. The surfa
e pattern of these layers showed smallspikes with a height of 10-15 nm and a sheet resistan
e of 15-20W/sq. EIS and CVmeasurement on bare ITO using a redox spe
ies proved that su
h a low sheet resis-tan
e is an important feature for the appli
ation of ele
tro
hemi
al te
hniques on ITO.Further, the optimized sputtering parameters provide reprodu
ible results regardingthe layer properties. Thus prepared ITO layers 
an be fun
tionalized for protein im-mobilization, for example to form the ptBLM on the ele
trode surfa
e.However, the ptBLM system had not been established yet on oxidi
 surfa
es likeITO. Therefore, sili
on wafer were used as a well de�ned test substrate. The �rstfun
tionalization method employed silanization of the ele
trode surfa
e. A 
ustommade NHS-silane was used. The ptBLM on NHS-silane modi�ed sili
on was prepared.113



Chapter 5 Con
lusion and OutlookEIS data showed that a ptBLM 
ould be formed on the naturally grown sili
on dioxidelayer on the wafer. The same 
onditions for silanization using NHS-silane were usedfor the ITO substrate. A ptBLM was than formed on ITO. The a
tivity of the 
y-to
hrome 
 oxidase from P. denitri�
ans 
ould be dete
ted by 
y
li
 voltametry usingits substrate 
yto
hrom 
 in the redu
ed form, though the 
atalyti
 
urrent proved tobe small 
ompared to a similar system on gold. The reason for the weak a
tivity is animperfe
t lipid bilayer formation on ITO, whi
h 
an be explained by the high surfa
eroughness of the ITO with spikes 
overing the entire surfa
e. The short linker mole
uleto the solid support had no 'smoothing' e�e
t. This drawba
k 
an be over
ome by asoft ma
romole
ular support instead of the short linker mole
ules.A new approa
h in the dire
tion of polymer-supported BLM is the hydrogel- sup-ported ptBLM. A thin hydrogel P(HEAAm-
o-NTAAAm-
o-MABP) layer is used asa soft '
ushion' on indium tin-oxide (ITO), providing a smooth, fun
tional surfa
e toform the ptBLM. The gel-support with mesh sizes smaller than the size of the proteinwas shown to result in very robust planar lipid bilayers, exhibiting good ele
tri
alsealing properties (1-5MW⋅
m2). Cyto
hrome 
 oxidase 
ould be easily in
orporatedin a fun
tionally a
tive form. Furthermore, the use of ITO as a 
ondu
ting and waveguiding substrate allowed us to address the question of the anisotropy of the surfa
elayers. A well-ordered lipid bilayer should exhibit di�erent opti
al properties in dif-ferent spa
ial dire
tions. The same argument holds to a lesser extent for an orderedand oriented protein monolayer. The experimental proof of this anisotropy is hard toa
hieve and hen
e information about the proper arrangement of a protein/lipid layeris s
ar
e.Owing to their multi-mode approa
h wave guide measurements have the potential toa

ess these properties. The advantage of ITO layers is that they 
an be used as a waveguide as well as a substrate for ele
tro
hemi
al measurements. However, preparation
onditions need to be optimized 
arefully. The thi
kness needs to be 
ompromised vs.stability and surfa
e roughness of the ITO. Surfa
e roughness that was deteriorated bygrain protrusions 
ould su

essfully be over
ome by 
overage with the hydrogel. Thepolymer layer in turn had to be kept at a thi
kness of around 60 nm in order to ensurea smooth surfa
e for the protein/lipid layer. About 60 nm layer thi
kness is su�-
ient to mimi
 the submembrane spa
e. Small mole
ules su
h as 
yt 
 penetrate easily.114



Chapter 5 Con
lusion and OutlookThe P(HEAAm-
o-NTAAAm-
o-MABP) proved to be a good approa
h towardsgel-supported ptBLM with mesh sizes below the size of the protein. This ensures thatthe protein preferentially binds to the top layer so that a lipid layer ex
lusively formsat the interphase between polymer and water. The lipid bilayers seem to preservea 
ertain �exibility as shown by 
yt 
, whi
h was able to penetrate the lipid layer,despite its high ele
tri
al sealing properties.Ratiometri
 emisson spe
tros
opy was performed on hydrogel-supported ptBLMs.The �uores
ent LHCIIb was used in a �rst pla
e as a test protein to form the pt-BLM. Hereby the e�e
t of ITO on the emission properties of �uores
ing spe
ies 
ouldbe investigated. The LHCIIb 
omplex is in
orporated into the ptBLM, hen
e, the
hromophores are lo
ated within the hydrophobi
 interior of the lipid bilayer and theemission property of LHCIIb be
omes sensitive to the surrounding ele
tri
 �eld. Anattempt was made, to utilize LHCIIb as a probe for the membrane potential. How-ever, strong blea
hing e�e
ts and low sensitivity did not allow dete
tion of 
hanges inmembrane potential di�eren
es.The potential sensitive di-8-ANEPPS was used as an alternative probe. Prior toin
orporation of di-8-ANEPPS into the ptBLM together with 
yto
hrome 
 oxidase,the e�
ien
y of the dye was tested in a tBLM system. Membrane potentials indu
edby de�ned square waveform voltage pulses were su

essfully measured. These dataprovided a 
onversion fa
tor in terms of the ratiometri
 parameter Rn (0.05/100mV)for the quantitative measurement of the membrane potential in tBLMs. Potential
hanges down to 30-50mV were resolved in this system, whi
h was also de�ned as thethe limit of dete
tion (LOD), i.e. the smallest resolvable potential 
hange.The most signi�
ant result of this work was the measurement of the membranepotential indu
ed in a gel-supported ptBLM by an external voltage waveform. Theprimary aim of this work was a

omplished with it. The data provide a basis for themeasurement of the self-generated∆φm of C
O in a ptBLM. Though, the absolute volt-age resolution was lower 
ompared to the referen
e measurements in tBLM (50mV).However, this 
an be explained by the smaller lipid amount in the ptBLM. The dye isin
orporated only into the small bilayer pat
hes between the proteins. The sensitivity115



Chapter 5 Con
lusion and Outlook
an be further in
reased by future developments in the design of voltage sensitive dyes.In 
on
lusion, the membrane potential plays a 
ru
ial role in many 
ell membranepro
ess. The 
atalyti
 a
tivity of C
O is 
losely linked to ∆φm. On the other side,model membrane systems like the ptBLM o�er a general approa
h for the investiga-tion of membrane proteins. However, the parameter ∆φm is hard to a

ess in this
on�guration, where the BLM is in 
lose proximity to the ele
trode surfa
e. To thepresent, there have been no dire
t measurements of ∆φm in planar, solid-supportedBLMs like the one presented here. The gel-supported ptBLM system on transparent
ondu
ting substrates like ITO o�ers a great platform in order to measure membranepotentials su
h as the ∆φm indu
ed by applied ele
tri
al potentials. Furthermore,the ptBLM te
hnology allows the in
orporation of a large variety of His-tagged mem-brane proteins, thus making the te
hniques presented here an interesting tool for theinvestigation of the 
orrelation between protein a
tivity and membrane potential.
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Appendix AMaterials and MethodsA.1 Chemi
alsChemi
als used during this work and the 
ompanies they were pur
hased from:� Ammonia (NH3): 32% [WTL Laborbedarf GmbH℄� ANTA: Nα' ,Nα� -bis(
arboxymethyl)-L-lysine (C10H18N2O6) [Fluka℄� DDM: n-Dode
yl-β-D-maltoside [Sigma℄� DiPhyPC: 1,2 Diphytanoyl-sn-Gly
ero-3-Phospho
holine [Avanti Polar Lipids,In
℄� A
eti
 a
id (C2H4O2) [Fluka℄� Gold: 99,99% [ESG Edelmetall Servi
e GmbH& Co. K℄� Potassium 
hloride (KCl) [Sigma℄� Potassium 
arbonate (K2CO3) [Sigma℄� Potassium hydroxide (KOH) 85% [WTL Laborbedarf℄� Potassium phosphate (K2HPO4)� Ni
kel(II)-
hloride Hexahydrate (NiCl2 ⋅6H2O) [Fluka℄� Platin wire: diameter 0,1 mm, 99% [Chempur℄� Hydro
hlori
 a
id (HCl) 37% [WTL Laborbedarf℄� Sulfuri
 a
id (H2SO4) [A
ros Organi
s℄117



Appendix A Materials and Methods� Silver wire: diameter 1,0 mm, 99% [Chempur℄� Nitrogen gas, purity 4 [Westfalen AG, Münster℄� Hydrogen peroxide (H2O2) 35% [Sigma℄� Sodium dithionite [Fluka℄� Cyt 
: Cyto
hrome 
, bovine heart [Sigma℄� C
O: Cyto
hrom 
 Oxidase (Para
o

us denitri�
ans, histidine-an
hor at subunitI) Prof. Bernd Ludwig, University of Frankfurt� Biobeads SM-2 adsorbent 20-50 mesh [Bio-Rad Laboratories, In
.℄� LHCIIb: light harvesting 
omplex, LHCb1*2 (AB80) from pea (Pisum sativum)with Cys79 repla
ed by serine (His-tag at C-terminus), Prof. Paulsen, Universityof MainzPBS bu�er was prepared on a routine basis using 0.1M KCl, 0.05M K2HPO4. Thebu�er solution was titrated to pH 8 using HCl.A.2 Fluores
en
e MeasurementsThe FCS module Confo
or 2 (Fig. A.1) in a 
onfo
al mi
ros
ope (Carl Zeiss Jena,Germany) was employed for the ratiometri
 �uores
en
e measurements presented in
hapter 4. During FCS re
ording a raw data �le 
ontaining all photon 
ounting eventswas produ
ed. The �le was pro
essed o�ine for averaging and ratio formation usingMatlab (Mathworks, In
., MA, USA). For �uores
en
e imaging the laser s
anningimage module (LSM 510) of the same mi
ros
ope was used (Fig. A.2).A.3 Preparation of the ITO LayerThe ITO layer was deposited on �oat glass (Menzel, Brauns
hweig, Germany). Glassslides were 
leaned in piranha solution (H2O:H2SO4:H2O2; 5:1:1 v/v) and rinsed usingDI water. ITO was deposited by DC magnetron using the parameters des
ribed in
hapter 3. Sputtering was performed using a Balzers sputtering system (OerlikonBalzers Li
htenstein). The target used was a 3 in
h In2O3:SnO2 (90:10) (MaTe
k,Jueli
h, Germany). Series of slides were always prepared on the same day. After118
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Figure A.1: FCS module of the Zeiss 
onfo
al mi
ros
ope.
119



Appendix A Materials and Methods

Figure A.2: LSM module of the Zeiss 
onfo
al mi
ros
ope for �uores
en
e imaging.
120



Appendix A Materials and Methodsdeposition under ea
h parameter set used the sheet resistan
e Rs was measured by afour-point probe method a

ording to Van-der-Paw.A.4 Preparation of P(PFPA-
o-MAPB) Coated ITOhe ITO 
oated glass slides were fun
tionalized with the BP-silane as des
ribed earlier[37℄.On top of the silane layer the rea
tive 
opolymer P(PFPA-
o-MAPB) was spin-
oatedfrom 
hloroform (1% w), dried over night at 50° in a va
uum and 
ross linked byphotopolymerization with a wavelength of 254 nm and a total energy of 60 J/ 
m2.A.5 Fun
tionalization with NTAThe polymer-
oated ITO samples were in
ubated for 2 h in an aqueous 0.15 M (ANTA)solution (pH 9.8, 0.5 M K2CO3 bu�er) and after 2 h ethanolamine (5 mM) was addedto the same solution. The samples were left for a further 30 min in the solution andsubsequently rinsed using MilliQ water.A.6 Ele
tro
hemi
al MeasurementsEle
tro
hemi
al measurements were taken in a three-ele
trode 
on�guration where theITO slide was used as the working, a home-made Ag/AgCl (sat. KCL) as the refer-en
e, and a platinum wire as the 
ounter ele
trode. Ele
tro
hemi
al impedan
e spe
-tra and 
y
lovoltammetry measurements were performed using Autolab instrumentPGSTAT302 (E
o Chemie, Utre
ht, Netherlands) equipped with a FRA2 module forfrequen
y response analysis, an ECD-module ampli�er for low 
urrents and a SCAN-GEN module for analog potential s
anning. Spe
tra were re
orded in the frequen
yrange from 100 kHz to 0.003Hz using an amplitude of 10mV. Resulting spe
tra wereanalyzed by Zview (Version 2.6, S
ribner Asso
iates, Southern Pines, NC) by 
omplexnonlinear �tting of the data to a model 
ir
uit
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Appendix A Materials and MethodsA.7 Surfa
e Plasmon Resonan
e Opti
al Waveguidespe
tros
opy (SPR/OWS)SPR/OWS was performed in a 
ustom made setup des
ribed previously using theKrets
hmann-
on�guration. The glass slide (LaSFN9 glass from Hellma Optik, Jena,refra
tive index n=1.8385 at 632.8 nm) was opti
ally mat
hed to the base of a 45° glassprism (LaSFN9). Mono
hromati
 light from a He/NeLaser, (Uniphase, San Jose, CA )was dire
ted through the prism and 
olle
ted by a 
ustom made photodiode dete
tor.The glass slide was provided with a multilayer system starting with a 41 nm thi
kgold layer ele
trothermally evaporated on top of 2 nm thi
k Cr adhesion layer. A680 nm thi
k ITO layer was then sputtered onto the gold layer under the 
onditionsdes
ribed above and the surfa
e was spin-
oated with P(HEAAm-
o-NTAAAm-
o-MABP). ITO served as the guiding media as well as the working ele
trode. Changeof Ne� (dNe�) for varying ITO thi
kness was simulated using n=1.9065 for ITO takenfrom ellipsometry measurements. The simulation software pa
kage used was CAMFR(CAvity Modelling Framework, INTEC, Universiteit Gent).A.8 Atomi
 For
e Mi
ros
opy (AFM)Atomi
 for
e mi
ros
opy was performed using the AFM Dimension 3100CL Olympus(Vee
o Instruments In
, NY) in tapping mode with a sili
on 
antilever. The heightpro�le images were analyzed in terms of root mean square (RMS) and peak-valleyheight also denoted as Z-range (Nans
ope software v2.5r, Vee
o).A.9 Preparation of Redu
ed Cyt 
The sto
k solution of redu
ed bovine heart 
yt 
 (Sigma Aldri
h, St. Louis, MO) wasprepared by adding 5mg of sodium dithionite to an aqueous solution of 40mg 
yt 
in 1mL PBS. The redu
ing agent was removed subsequently by gel �ltration utilizinga Sephadex 
olumn (G-25 M, GE Health
are Bio-S
ien
e AB, Uppsala, Sweden).
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Appendix BDesign of Measurement CellA �ow 
ell for �uores
en
e spe
tros
opy and ele
tro
hemi
al measurements was devel-oped. The �ow 
ell 
onsists of a 1.6mL 
ompartment for the bu�er solution. Ag/AgClreferen
e and a silver wire 
ounter ele
trode are 
onne
ted to the 
ell. The ITO 
oated
overslip is the working ele
trode. A gold plate is pressed against the ITO surfa
e out-side the 
ell 
ompartment during 
ell assembling. The gold plate is than 
onne
ted tothe potentiostat using a 
lamp.
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Figure B.1: Blueprint of the �ow 
ell employed for �uores
en
e spe
tros
opy measure-ments. The 
ell is designed for simultaneous appli
ation of ele
tro
hemi
almethods and �uores
en
e spe
tros
opy. The body of the 
ell is made ofpolyether ether ketone (PEEK). The lo
ation of the ele
trodes and theobje
tive of the inverse 
onfo
al mi
ros
ope are also shown.124



Appendix B Design of Measurement Cell

Figure B.2: Blueprint of the main part of Fig. B.1.
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Appendix B Design of Measurement Cell

Figure B.3: Blueprint of the bottom part of Fig. B.1.
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hing the �rst lea�etof the membrane to the support. The 
hemi
al method used for an-
horage depends on the support. For gold supports thiols are used inmost 
ases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41.2 (a) Surfa
e fun
tionalization on gold for the immobilization of 
y-to
hrome 
 oxidase with the his-tag atta
hed to SU I. The his-tagte
hnology has been utilized in order to bind the membrane proteinto the gold surfa
e. (b) S
hemati
s of the re
onstitution of 
yto
hrome
 oxidase (C
O) into a ptBLM by in-situ dialysis. . . . . . . . . . . . . . 61.3 Change of the Gibbs free energy during the passage of an ion throughthe lipid membrane. Deta
hment of the hydration shell is a highlyendorgeni
 pro
ess. A higher a
tivation energy is required for simpledi�usion of ions through the lipid bilayer 
ompared to 
arrier mediatedtransport. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81.4 Examples of the formation energy (right) of single pores with radiusr in a lipid membrane eq. (1.4). S
hemati
 presentation of the twobasi
 pore types is shown on the left: hydrophili
 (dashed line) and hy-drophobi
 (solid line) pores. At nonzero ele
tri
al potentials the energybarrier is lowered signi�
antly (se
ond 
urve in graph). . . . . . . . . . . 111.5 The mito
hondrial respiratory 
hain. Pi
ture: ©Ilya Belevi
h, Bio
en-ter, University of Helsinki. . . . . . . . . . . . . . . . . . . . . . . . . . . . 141.6 Stru
ture of the two subunit C
O from P. denitri�
ans with a 6xHis-tag at the C-terminus of subunit I (blue) [61℄. Subunit II is shown inturqiouse. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
127



List of Figures1.7 Lo
ation of the ele
tron a

eptor sites in C
O from P. denitri�
ansrelative to the membrane surfa
es. . . . . . . . . . . . . . . . . . . . . . . 171.8 Pathways of (a) ele
tron and proton transfer in C
O. (b) Model of theenzymati
 
y
le of C
O. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181.9 The diele
tri
 depth of the redox sites in C
O. The ve
torial 
hargetransport is indi
ated as red (e-transfer) and blue (proton transfer)arrows. Only the 
omponent perpendi
ular to the membrane surfa
ehas an e�e
t on ∆φm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201.10 S
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tion of the ANTA 
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tionalized sili
on wafer. . . . . . . . . . . . . . . 553.4 C
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e pro�le (left) and line s
an data (right) are shown. Thesamples presented are those in Tab. 3.4 having the lowest Rs: (a)(b)sample 3 and (
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omparison, the AFM s
an of (e)(f)a bare sili
on surfa
e is added. . . . . . . . . . . . . . . . . . . . . . . . . . 623.7 Bode plot (left) and admittan
e (right) of the impedan
e spe
tra ofbare ITO ele
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e of the ITO layers are 40W/sq (
), 60W/sq(a), 110W/sq (e) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 643.8 Potassium ferro
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e spe
tros
opy (b). The
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entration of [Fe II(CN)6℄ �4 was 1mM in a 0.1M KCl bu�er. The CVs
an rate was 10mV/s. The referen
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yanide is shown in red. . . . . . . . . . . . . . . . . . . . . . . . . . . 653.9 Potassium ferro
yanide in KCl on a silanized ITO ele
trode measured byCV (a) and impedan
e spe
tros
opy (b). The 
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an rate was 10mV/s. Thereferen
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yanide is shown in bla
k. 66
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al
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kness of the ITO layer used on aroutine basis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 803.21 Change of the e�e
tive refra
tive index, dNe� for the TM and TEopti
al waveguide modes after ea
h preparation step of the ptBLMon P(HEAAm-
o-NTAAAm-
o-MABP). The dNe� values were derivedfrom the Ne� in Tab. 3.8. Results from simulations using an isotropi
adlayer and the software des
ribed in experimental part are also presented. 813.22 Cy
lo voltamogram of 
yto
hrome 
 after C
O binding and before pt-BLM formation. A 50µM solution of redu
ed 
yto
hrome 
 in PBS wasadded to the system. The s
an-rate was 50mV/s. Two s
ans are pre-sented, one taken immediately after 
yto
hrome 
 was added (bla
k)and one 30min later (red). . . . . . . . . . . . . . . . . . . . . . . . . . . . 823.23 Bode plot of the impedan
e spe
tra (a) and 
y
lo voltamogram (b) of
yt 
 a
tivated C
O after ptBLM formation. A 50µM solution of re-du
ed 
yt 
 in PBS was added to a
tivate C
O. Bode plot (b) showsthe spe
tra after ptBLM formation (empty symbols), after a
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yto
hrome 
 (red) and after �ushing the 
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an rate was 50mV/s. The 
y
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ans im-mediately after adding redu
ed 
yto
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k). . . . . . . . . 83
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hlorophyll a, (blue) 
hlorophyll band (red) 
arotenoid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 884.3 Absorption spe
tra and the 
orresponding mole
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tures of thepigments in LHCIIb[73℄. Chlorophyll a (a), 
hlorophyll b (b) and lutein(
). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 894.4 A simpli�ed s
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tion (a) and a level diagram (b) of theenergy transfer me
hanism in LHCIIb. . . . . . . . . . . . . . . . . . . . . 904.5 Laser s
anning image (LSM) (a) and example of a �uores
en
e spe
tra(b) of the re
onstituted LHCIIb in a polymer supported ptBLM systemon ITO. The image and the spe
tra were re
orded using a 
onfo
al mi-
ros
ope. The LHCIIb 
omplex was ex
ited using the argon line 488 nmand emission was 
olle
ted after a LP650 long pass emission �lter. Theblea
hing spots in (a) indi
ate the lo
ation where the spe
tra (b) werere
orded. The intensity in the blea
hed area did not 
hange with timesupporting the assumption that the LHCIIb had been immobilized onthe surfa
e. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 914.6 Fluores
en
e intensity 
hange of the LHCIIb in a ptBLM indu
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orresponding �uores
en
e spe
tra arealso shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 924.7 Mole
ular stru
ture of the potentiometri
 dye di-8-ANEPPS and ex-
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ular redistribution of the positive 
harge. . . . . . 944.8 Lo
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hemati
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itated state dipole moment qr⃗ of di-8-ANEPPS in the membraneis parallel to the intramembrane ele
tri
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e ex
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tra (bla
k)of di-8-ANEPPS in PBS (dashed line) and DiPhytPC vesi
les (solidline). The intensities are normed to the maximum of the spe
tra re
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tral shifts of the emission of di-8-ANEPPS presented s
hemati
allyfor a random membrane potential ∆ψ. The graphs (a) and (
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tro
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ounter ele
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e ele
trode; the restingpotential ∆φ0 = 0. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1004.12 Di�eren
e spe
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olor 
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