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Abstract 

Cell membranes are a unique case of solid-liquid interfaces and are the 

basis of cellular life. Cell interaction is mostly done by proteins incorporated 

in a fluid bilayer lipid cell membrane. Non-specific interaction and specific 

binding are the basis of trans-cell communication. Surface proteins are also 

often the weak points used by viruses and bacteria to attack cells. Even after 

decades of research, a discrepancy between protein-based cell interaction and 

direct protein interaction can be observed. Mimicking the complexity of cel- 

lular surfaces poses challenges which need solutions for areas like antibiotics 

research. 

In this thesis, three different aspects of cell surfaces are looked at: Firstly, 

how redox-active lipid heads allow for an in-plane electron transport, sug- 

gesting a more directed role in the electron transport chain. Dependency on 

fluidity and distance between redox-active lipid head centers play a vital role 

in sustaining a measurable current. 

Secondly, Protein interactions with lipid surfaces have been hard to mimic 

correctly. Bilayer lipid membranes by their very nature are very sensitive to 

disruption, so a stable system needs to be implemented to reliably measure 

protein-protein interaction onlipid bilayers. For this, a SFA setup was adapted 

tohave two opposing gold surfaces, thus allowing for established gold surface 

chemistry. With this, tethered bilayer lipid membranes can be used to create 

a sturdy membrane. The SFA setup additionally allows to manipulate both 

protein incubated lipid membrane surfaces in close proximity to each other 

and measure Force-Distance curves. This, in combination with more complex 

surface compositions by also incorporating glycocalyx proteins, provides a 

closer mimic how cells interact in nature. 

Finally, a tangential topic is examined in more detail: How does charge 

regulation work in a narrow, charged space? While this situation occurs fre- 

quently in cell-cell interactions between lipid layers, this question is crucial for 

many other industrial processes, such as batteries or stress corrosion. There- 

fore, a simplified SFA (Surface Forces Apparatus) setup was used to establish 

broader comparability: Various ion solutions can be measured between two 

SFA surfaces. Additionally, the gold surface on one side allows for the ap- 

plication of different voltages, thus inducing ion migration and measuring 

distance changes accordingly. High-speed recording with a pixel-by-pixel 

analysis makes the distance change of ion migration visible. 
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Kurzfassung 

Zellmembranen sind ein besonderer Fall von Fest-Fluessig-Grenzflaechen 

und bilden die buchstaebliche Grundlage des zellulaeren Lebens. Die Zellinter- 

aktion erfolgt hauptsaechlich durch Proteine, die in eine fluessige Doppelschicht- 

Lipidzellmembran eingebaut sind. Unspezifische Interaktion, spezifische 

Bindung sind die Grundlage der transzellulaeren Kommunikation. Ober- 

flaechenproteinesind auch oft die Schwachstellen, die von Viren und Bak- 

terien genutzt werden, um Zellen anzugreifen. Auch nach Jahrzehnten der 

Forschung lässt sich eine Diskrepanz zwischen proteinbasierter Zellinterak- 

tion und direkter Proteininteraktion beobachten. Die Nachahmung der Kom- 

plexität von Zelloberflaechen stellt Herausforderungen dar, die Lösungen für 

Bereiche wie die Antibiotikaforschung erfordern. 

In dieser Arbeit werden drei unterschiedliche Aspekte von Zelloberflaechen 

behandelt: Erstens, wie redoxaktive Lipidkoepfe einen Elektronentransport 

in der Ebene ermoeglichen, was auf eine gerichtetere Rolle in der Elektro- 

nentransportkette hindeutet. Die Abhängigkeit von Fluiditaet und Abstand 

zwischen redoxaktiven Lipidkopfzentren spielt eine entscheidende Rolle bei 

der Aufrechterhaltung eines messbaren Stroms. 

Zweitens ist es schwierig, die Proteininteraktion auf Lipidoberflächen ko- 

rrekt nachzuahmen. Doppelschicht-Lipidmembranen sind von Natur aus 

sehr empfindlich gegenüber Stoerungen, daher muss ein stabiles System 

implementiert werden, um die Protein-Protein-Wechselwirkung auf Lipid- 

doppelschichten zuverlaessig zu messen. Zu diesem Zweck wurde ein SFA- 

Aufbau so angepasst, dass er zwei gegenüberliegende Goldoberflächen aufweist, 

wodurch eine etablierte Goldoberflaechenchemie ermoeglicht wird. Damit 

können angebundene Bililayer-Lipidmembranen verwendet werden, um eine 

stabile Membran zu schaffen. Der SFA-Aufbau ermöglicht zusaetzlich, beide 

Protein-inkubierten Lipidmembranoberflaechen in unmittelbarer Naehe zueinan- 

der zu manipulieren und Kraft-Abstands-Kurven zumessen. Dies ermoeglicht 

in Kombination mit komplexeren Oberflaechenzusammensetzungen durch 

den Einbau von Glykokalyx-Proteinen eine genauere Nachahmung der Inter- 

aktion von Zellen in der Natur. 

Zuletzt wird eine tangentielles Thema genauer ueberprueft: Wie verhalten 

sich geladene Teilchen in einem engen, geladenen Raum? Waehrend diese 

Situation zuhauf bei Zell-Zell Interaktionen zwischen den Lipid-Schichten 

statt findet, ist diese Frage eine essentielle für viele andere, industrielle 

Prozesse, wie z.B. Batterien oder Stress-Korrosion. Es bietet sich also an, 

ein vereinfachtes SFA-Setup zu nehmen, um eine breitere Vergleichbarkeit 

herzustellen: Verschiedene ionische Fluessigkeiten koennen also zwischen 
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zwei SFA Flaechen vermessen werden. Zusaetzlich erlaubt eine einseitige 

Goldoberflaeche, verschiedene Spannungen anzulegen und somit Ionenmi- 

gration zu induzieren und anhand von Abstandsanderungen zu messen. 

Hochfrequente Aufnahmen in Kombination mit einer Pixel-fuer-Pixel Anal- 

yse macht Distanzaenderungen, ausgeloest durch Ionenmigration, sichtbar.
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1 Motivation 

In nature, most living cellular life communicates with and through their 

shell. Protein interaction, ion transportation and permeability, mitigation of 

outside effects using an extracellular glycoprotein structure are all essential 

tools for a cell to survive. All are in one way or the other related to the lipid bi- 

layer membrane. Thousands of different surface proteins,[1] transmembrane 

proteins, three major different lipid types[2] as well as different lipid phases 

(e.g. gas, liquid and solid phase) make for an incredibly complex system that 

is crucial to understand. Lipid based drug delivery,[3] lipid-specific antibiotic 

binding,[4] genetically encoded lipid biosensors,[5] and extensive use in phar- 

maceutical technology in general,[6] are just a few the interesting areas lipids 

use is being researched. Additionally, different cell parts use different lipid 

compositions. Different variations of quinone lipids, for instance, are used in 

the respiratory chains cellular life,[7] acting as a redox-active proton carrier 

and is therefore crucial in the electron transport chain (ETC). This quinone 

enzymes transport the protons along their hydrophilic head groups. This 

transport mechanism can potentially open a way to conductively transport 

electrons along the redox-active head groups on the membranes, paving a 

way to potentially implement q-enzyme containing lipid mixtures to conduct 

current. 

Lipid bilayer research itself has also achieved much in the last 50 years, 

starting with black lipid membranes - according to the authors knowledge 

- first demonstrated by Mueller et al.[8] For stable lipid bilayer membranes, 

tethered bilayer lipid bilayer have become a common approach, allowing for 

a variety of different lipid compositions and flexibility by using a thiol-carbon 

chain as a anchor to create a very robust inner leaflet.[9, 10] Furthermore, pro- 

tein incorporation into tBLM was shown more than 15 years ago.[11] Using 

this approach, two stable, tethered bilayer lipid membrane (tBLM) modified 

surfaces can now be brought in close contact to each other.[9] Modifying 

those tBLM with proteins creates a closer life-mimicking model system which 

can now be used to characterise protein interaction on cell surfaces. Interac- 

tions can then be measured quantitatively with complimentary methods such 

as single-molecule Atomic Force Microscopy (sm-AFM).[12] However, sup- 

ported lipid membranes were not stable against force measurements between 

incorporated proteins, as membranes were not tethered. Direct measure- 

ment of a tethered ligand-receptor interaction potential has been performed 

instead[13] as well as lipid-lipid interactions, for instance by observing de- 

pletion attraction due to PEG-based cell fusion. [14]



1.1 Aim of this thesis 

In this context, the aim of this thesis is to closely examine the potential research 

uses of complex lipid bilayer structures. Three central aspects of bilayers in 

living systems are their interaction, their participation in charge regulation 

and membrane bound redox processes as well as how charge is regulated 

during such processes at confined interfaces. 

Based on those three aspects, the following questions will be explored: 

Can redox-active lipid bilayer heads be utilized for bio-electronics? Could 

tBLM in combination with SFA equipment offer a viable solution to better 

mimic protein-protein interactions in confined spaces? And, to what extent 

are these confined spaces influenced by the charges of the aqueous environ- 

ments? These questions give rise to the following three objectives of the thesis: 

1) Redox-active molecules have been of keen interest in many different 

areas of research and play a crucial role in the electron transport chain (ETC) 

in the form of quinones. The idea arose to use the more diffusive, Gibbs- 

free-energy driven electrochemical gradient of ions in a more directed way by 

applying a potential. This, essentially working like a three-electrode Field- 

Effect-Transistor (FET) setup, could allow for directed, fast, membrane driven 

electron transport which have potential use in bio-compatible electronics or 

further ordered membrane structures. 

2) The adaptation of a three-mirrored Surface Forces Apparatus (SFA) to 

use for bio-mimicking tethered biliayer lipid membranes. This allows tobring 

two apposing membranes with bio-modifications into close proximity of each 

other and measure direct binding forces of different proteins in an environ- 

ment that closer resembles physiological interactions. This, in combination 

with single-molecule Atomic Force Microscope (AFM), opens up a new ap- 

proach for analysing protein-protein interactions (PPI) close to physiological 

conditions. 

3) Ions in confined spaces play a crucial role not just in the aforemen- 

tioned SFA PPI experiments, but also in many other areas like crevice corro- 

sion. SFA setup allows for a perfect experiment design. Different potentials 

can be applied on the gold, allowing for a manipulation of the ions within 

the mica-gold gap. The challenge will be to accurately measure distance 

changes in a frequency that allows to see ion movement effects: Over a gap 

of just a few nanometer wide and a few micrometer long, measurements fast 

enough to see distance changes due to ion movements are difficult. There- 

fore, additional molecular-dynamics and continuum simulations will allow 

for cross-validation of experimentally observed phenomena.



2 Theoretical Background 

Biological cellular life is defined by change and adaptability. Molecular 

interaction, in particular transmembrane protein protein interaction, is the 

basis of most cellular cooperation.[15] This, in turn, is heavily influenced by 

external circumstances, i.e. physiological conditions as well as membrane 

compositions.[16] The interactions range from microscopic over mesoscopic 

to nanoscopic scales and are very relevant for a wide range of different fields 

of study, including stem cell research, cancer research and biophysics as a 

whole.[17, 18] 

Many recent developments have focused more on nanoscopic effects, in- 

cluding but not limited to nano-pattern Surface Plasmon Resonance (SPR) 

developments, optical tweezers, single-molecule Atomic Force Microscope 

(sm-AFM) measurements.[19-21] In particular, a specific challenge for devel- 

opment of antibiotics are accurate model membrane systems. 

A functioning, realistic bacteria cell membrane model would be a crucial step 

for antibiotics development, reducing the need for costly and time-consuming 

cell culture experiments. Up untilnow, the staggering complexity of cellmem- 

branes, which include up to 30% protein coverage by area, has been too great 

of a challenge to mimic with artificial membranes while working with real 

membranes include its own specific challenges like the degradation of live 

cells. 

A necessary step in that direction was the establishment of tBLM, giving 

membranes a greater stability in comparison to more traditional membrane 

systems like the black lipid membrane or supported bilayer lipid membrane. 

[22] Recently, implementing substrates with defined roughness allowed to 

also incorporatebigger trans-membrane proteins into tBLM structures.[23] All 

of these are good indications that there are two definable needs for an range 

of different research fields: Firstly, the need to be able to accurately model 

specific protein interaction between membrane-membrane measurements in 

order to mimic cell interaction, and secondly to define the dependence of 

lipids as well as protein environment for specific protein interaction. 

2.1 Electric Double Layer 

The following sub-chapter about electric double layer was originally written 

by the author for abook chapter "Experimental and theoretical understanding 

of processes at solid-liquid interfaces at molecular resolution”,[24] a collabo- 

rative effort from the Valtiner group. 

An Electric double layer (EDL) forms when an ionized liquid is in contact 

with stationary charges on surface. The EDL is a result of the attractive elec-



trostatic interactions between electrolyte ions and the charged surface. The 

surface charge is present usually due to adsorption of ions from the electrolyte, 

dissociation of chemical groups on the surface or chemical binding. In an elec- 

trolyte, this surface charge is balanced by counterions in the direct vicinity 

of the surface, limiting the range of electrostatic forces related to the sur- 

face charge. The accumulation of counterion charges subsequently changes 

the volume directly next the surface from the bulk liquid due to higher ion 

concentration. This, in turn, changes particle behaviour in electrolytes, i.e. 

promoting repulsion of the particles due to the counterions in the EDL. The 

EDL is crucial in a wide range of industrial processes, ranging from colloid 

suspensions where the EDL stabilizes energetically unfavourable small par- 

ticles [25] to electric double layer capacitors.[26] With an effective range of a 

few nanometers,[27, 28] EDL is a nanoscopic scale effect. There are several 

theories to describe this counterion layer opposite to the charged surface. 

The first description of EDL was introduced by Hermann von Helmholtz in 

1853,[29] coining the term “double layer”: The surface charge is neutralized 

by a single layer of counterions directly at the surface, limiting the layer to the 

thickness of the hydrated ion radius, as can be seen in Figure 2.1a. Further- 

more, the differential capacitance does not depend on the charge density but 

is related to the thickness of the double layer as well as the dielectric constant 

of the solvent. This model is specifically based on the assumption of a rigid 

ion monolayer of opposite charges. Thus, it is an inaccurate assumption due 

to the fact that it does not allow for electrical overcharging, ion mobility and 

diffusion processes. Louis Georges Gouy in 1910 [30] and David Leonard 

Chapman in 1913 [31] improved on Helmholz’s EDL description by imple- 

menting thermal movement of the ions, allowing diffuse, multiple layers of 

ions as shown in Figure 2.1b. Gouy-Chapman theory describes the following 

situation: the solid has an immobilised surface charge at the interface due to 

adsorption or ionization - this surface charge layer can be considered immov- 

able. The charge is compensated by a mobile, diffuse counter-ion layer within 

the electrolyte. . The diffusion of ions is controlled by the surface charge and 

entropic cost of the double layer formation including the ion adsorption and 

hydration shell changes. This demonstrates that such effects influence the 

thickness of the EDL and make it a so-called "diffuse electric double layer”. 

The thickness of the EDL is defined by the Debye length (An): 

E,EgRT E,EgRT 
Ap = = |=—— 1 
DEV arı \ Y, ciF222 @) 

where e, is the dielectric constant, eo is vacuum permittivity, T is temperature, 

  

Iis the ionic strength, Fisthe Faraday constant, Risthe universal gas constant, 

c; is the molar concentration of species i, z; is the valence of species i.



The Debye length depends on the temperature , ion charge and ion con- 

centration: The greater the valence and concentration, the thinner the layer 

to compensate the adsorbed surface charge. While this theory describes a 

more accurate layer thickness of a rigid monolayer of adsorbed charges and 

a diffusive outer layer for compensation, measured layer thicknesses deviate 

from theoretical results. This is due to faulty assumptions, namely that ions 

are considered as point charges as well that ions can interact with the surfaces 

infinitely closely. 
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Figure 2.1: Schematic representation of the EDL by (a) Helmholtz description, 
(b) Gouy-Chapman description, and (c) Stern description. IHP stands for the 
inner Helmholtz plane while OHP refers to the outer Helmholtz plane. This 
figure is taken from: L. L. Zhang and X. S. Zhao, Chem. Soc. Rev. 38, 9, 

2520-2531 (2009). [32] 

Otto Stern modified Gouy-Chapman theory to modify the innermost layer 

to have ions with a radius, limiting their approach to the surface to the ion 

radius while still assuming that some of the ions can specifically adsorb to 

the surface.[33]. This layer model is depicted in Figure 2.1c. For the diffusive 

layer, ions are still assumed to be point charges. The boundary between those 

two layers is called slip plane. 'There is a potential drop from Wy over the 

innermost layer (stern layer) to W,, which is known as the zeta potential. 

The electrokinetic potential decrease rapidly with the Stern layer. Since now 

the diffusive doubler layer counters W, and not the original charge of the 

surface, a potential difference between surface and bulk can be observed. 

This potential difference is different to the surface potential and is dependent 

on the ions in the solution.



2.2 Protein-Protein Interactions (PPI) 

Proteins play a fundamental role in life and biological processes. Cell in- 

teraction, reaction catalysis, molecule transportation are all facilitated by 

proteins.[34] Protein-protein interactions (PPI) are an essential part of many 

aforementioned processes and play a crucial role in cell-cell communcation.[35] 

PPIs can occur between proteins of the same cell as well as other cells. Further- 

more, extra proteins may act as a mitigator or as a bridge for other PPIs,[36] 

highlighting once again the necessity of being able to have more complex 

protein structures on artificial cell membrane surfaces. Interactions are also 

influenced by its surroundings like pH, temperature, ion concentrations, lig- 

ands as well as protein concentration. [37-39] 

Proteins used for PPI between cells are often so-called membrane proteins, 

which are a class of proteins either embedded within a lipid layer or attached 

to it. Some proteins transport molecules and other proteins, while others are 

used for signalling between cells. Transport proteins move molecules, either 

allowing for a passive movement using a gradient channel, or more active, 

using energy to move molecules against a gradient. These movements can 

also be direction-specific. Signalling membrane proteins are often ion channel 

proteins: proteins that control the flow of ions between the membrane walls. 

Ion channels are essential for most physiological functions, hence they control 

muscle contraction and nerve signalling. 

Lastly, many membrane proteins are involved with signalling pathways. 

They act as a receptor, binding to specific ligands in the environment or 

other cells, starting cascading signalling pathways. One example would be 

Cluster-of-Differentation 4 (CD4), which is a co-receptor for the T-Cell Recep- 

tor (TCR),[40] interacting with the Major Histamine Complex Type 2 (MHCII), 

which is thought to enhance the lymphocyte-specific protein tyrosine kinase 

(LCK) delivery[41] and therefore amplify the signal generated by the TCR. 

Many viruses use membrane proteins and PPls as a gateway into cells (a most 

prominent example would be the ACE-2- SARS-CoV-2 spike protein interac- 

tion). Cancer, infectious diseases and other diseases also work using PPIs.[42- 

44] Abnormal PPis can furthermore lead to misfolded proteins, changing 

signal pathways, possibly leading to toxic aggregates.[45] Alzheimers, as an 

example, is caused by accumulating f-amyloid proteins due to abnormal 

PPIs.[46] 

Understanding PPis is inherently limited by the approach one takes: Im- 

mobilisation or strong change of the environment is heavily influencing PPlIs 

which is dynamic and transient in their natural environemnt. Different tech- 

niques have been developed to study PPIs. Biochemical assays are often used
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Figure 2.2: Schematics of Sars-Cov entry into cell membrane with PPI inter- 
action. Taken from [47]. 

to study PPIs in-vitro while genetic screens are used for in-vivo measure- 

ments. Furthermore, structural techniques like NMR and x-ray spectroscopy 

are used to determine 3-D structures of protein complexes,[48] which can 

then be used to predict other interactions using molecular dynamics (MD) 

simulations, further increasing our understanding of PPI dynamics. 

All of these techniques are not allowing to compare single-molecule interac- 

tion and mesoscopic interactions in a controlled environment with two oppos- 

ing interfaces. A necessity for a tool for dynamic, transient PPI measurements 

mimicking cell-cell interaction in order to better understand diseases or im- 

mune reactions is still there. SFA with large, smooth surfaces suitable for 

artificial membrane construction fit that need. 

2.3 Kinetics 

PPIs are a subsection of protein kinetics. Protein kinetics, in general, is the 

study of the rate of mechanisms under which proteins undergo chemical 

changes or interact with other with other molecules. "This also includes PPIs 

and is often put into context of PPI or other relevant ligand molecues. Protein 

kinetics is of utmost importance of most biological processes,since the rate of 

enzyme catalsis, PPlIs etc. is very important for the functioning of biologic 

life.[39] Changes in this rate can have devestating effects. Kinetic interaction 

are explained in different models. One of the most used ones are Langmuir 

isotherms. Langmuir isotherms are using a few different assumptions: Firstly, 

it assumes a homogenous surface with with equal, non-interacting binding 

sites. While these assumptions are rarely true in physiological conditions, 

it is often good enough for a first approximation. Secondly, the Langmuir



isotherm model assumes that a protein is either in solution in an infinite 

reservoir or bound to the binding site. Lastly, the binding is assumed to be 

reversible. With those boundaries, the Langmuir isotherm equation is as fol- 

lows: 

_ Opmax *C 

Kp+c 

with © as the the fraction of binding sites occupied, c the concentration of 

the ligand in the solution, O,.ax the fully occupied surface concentration, and 

Kp as the dissociation constant. Often, the dissociation constant Kp is needed, 

in which half of the binding sites are occupied. A lower Kp value indicates 

a stronger affinity between the protein and receptor, needing a lower protein 

concentration to saturate the same amount of binding sites. 

Protein kinetics have a few different fields of importance: 

Enzyme kinetics, probably the most studied area of protein kinetics, re- 

lates to the studies of enzyme-calatyzed chemical reactions. Enzymes are 

proteins which primariy function is catalysts, altering chemical reaction rates 

to biologically useful rates. Signal transduction based on protein kinetics is 

another important area for cell interaction. It involves the transmission of a 

(electrochemical) signal along or through a cell. Often a cascade of PPls are 

used for a transduction chain. 

Protein kinetics are of crucial importance for many fields, including drug 

delivery and medicine in general. Time-delayed, targeted drug delivery, 

more directed cancer therapy are all important to optimise in medicine.[49] 

Enzyme inhibitors, for instance, were hypothised to help with Gaucher dis- 

ease in 1996,[50], and are needed in diseases caused by excessive reaction 

rates or overproduction of specific enzymes. Specifically modifying these 

reaction rates with other enzymes without affecting other enzyme reaction 

rates is crucial for patients. Lastly, industrially-scaled processes in biotech 

also use cells,[51] highlighting the need for opimisation of protein kinetic 

rates in many different areas. 

Mathematical models are often inaccurate due to the high complexity and 

the dynamic nature of their interactions. Immobilising proteins may have 

an effect on reaction rates, potentially changing their kinetic behaviour.[52] 

These shortcomings once again highlight the necessity to mimic physiological 

conditions as close as possible in order to minimize the amount of assumptions 

and derivations, i.e. using surface membrane proteins in a membrane-like 

environment with similar fluidities etc.



24 Lipids 

Lipid molecules are composed of a fatty acid chain, functioning as the hy- 

drophobic tail of the lipid, and a glycerol head, functioning as the hydrophilic 

head. 'The hydrophobic tail normally consists of two fatty acid chains, but 

it can also consist of one like in the case of Q-enzymes. The saturation of 

the fatty acid chains as well as the angle of the fatty acid chains define the 

physical properties of the lipids. Two monolayers of lipids create a bilayer 

lipid membrane. The hydophobic interaction of the tails hold the bilayer 

together, creating an effective, albeit somewhat sensitive separation within 

a liquid environment. The physical nature of the lipid bilayer is an equi- 

librium of the repulsion of the hydophilic heads, interfacial pressure from 

the hydrophobic tails and steric repulsion of the alkyl chains. Those param- 

eters are dependent can be influenced by external factors (e.g. an external 

pressure to pack lipids more tightly) or by different chemical composition of 

head groups of fatty acid chains. Cell membranes mostly consist of phos- 

pholipids. Phosphatidylethanolamines (PE), phosphatidylinositols (PI) and 

phosphatidylcholines (PC) are the most common, the latter being the most 

prevalent in mammalian cells.[53] 

2.5 Lipid Membranes 

Cells, from the Latin cellula (small room), are the basic unit of life. It is 

the basic unit of life forms. Its content, the cytoplasm, is separated from 

its outside by a membrane wall. Interestingly, this definition of life form 

excludes viruses from being defined as life, although they undergo natural 

selection. The membrane consists of a lipid bilayer, with a thickness in often 

between 4-8 nm. Within and on the membrane, enzymes, ion channels, trans- 

membrane proteins and surface proteins are abundant, consiting of a roughly 

equal weight mix of membrane and proteins. Due to their weight difference, 

the molar ratio of protein to lipid is anywhere between 1 to 50-100. [54] The 

proteins can be immobilized or move along the membrane. It is important to 

point out that membranes are not rigid structures, they are fluid and in mo- 

tion. Proteins, lipids all move and are rarely fixed in place, creating a highly 

transient and dynamic environment. Melting temperature, distribution of dif- 

ferent lipid species, ambient temperature all affect the fluidity of the bilayer 

system.[55, 56]. This leads to the so-called fluid mosaic model first described 

by Singer and Nicolson in 1972 [57], a simplified cell model that is described 

as a two-dimensional liquid. Embedded protein membranes are stabilised by 

a raft of lipids and glycoprotein/protein complexes, limiting lateral diffusion 

while allowing for high fluidity and elasticity due to the phospholipid carrier 

lipid. 

Another important property is the charge density of the lipid bilayer. Phos-



pholipid heads can be uncharged or charged either negatively or positively, 

depending on the surrounding environment. This, in turn, affects charge 

adsorption upon the bilayer, influencing the structure and thickness of the 

EDL. In combination with ionic strength of the elctrolyte solution, allows 

for manipulation of the ability to pass ions through a membrane, either by 

influencing diffusive behaviour or by influencing the tranmembrane protein 

functionality mentioned in Section 2.2. 

2.6 tethered bilayer lipid membranes 

Tethered bilayer lipid membranes (tBLMs) are an established tool forbilayer 

lipid membrane research. First published in 1991 by Kasianowicz et al., [58], 

tBLMs differ from previously established methods like supported bilayer 

lipid membranes (sBLM) by the tether which attaches the inner leaflet of the 

bilayer to a support surface, as can be seen in Figure 2.3. This figure shows a 

schematic of the anchoring method, the inner leaflet as well as an outer leaflet 

consisting of a lipid mixture of 1,2-Diphytanoyl-sn-glycero phosphocholine 

(blue) and coenzyme 06 (red), which will be used for the mesurements in 

Chapter 4. The substrate surface is typically made out of very flat gold, 

allowing on the one hand for easy, well-established gold chemistry, on the 

other hand doubling as the working electrode necessairy for electric charac- 

terisation of the tBLM. The tether, in contrast to sBLMs, allow for a certain 

level of flexibility and fluidity within the membrane, thus creating a consid- 

erably more stable bilayer, expanding the range of applications due to the 

robustness and resulting versatility of the bilayer.[59] The tethered structure 

of the tBLM provides a stable platform for the lipid bilayer which prevents 

the bilayer from rupturing or collapsing. Furthermore, tBLM are also more 

resistant to environment changes, i.e. not being that sensitive to temperature 

change or vibrations. This is especially important for applications where the 

membrane needs to be stable over a long period of time, such as biosensors 

and drug delivery systems. Additionally, tBLM creation can be performed 

under abigger variety of conditions like the presence of solvents or detergents. 
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Figure 2.3: Schematic of a tBLM functionalised with coenzyme Q6. The inner 

leaflet is comprised of DPhyTL (black) and the outer leaflet contains a mixture 

of 1,2-Diphytanoyl-sn-glycero phosphocholine (blue) and coenzyme Q6 (red). 

The DPhyTL is tethered to a gold surface, indicated at the bottom in gold. 

TBLMs allows for the creation of more complex membrane architec- 

tures, such as multi-layered membranes or membranes containing membrane 

proteins,[60] which can be difficult to achieve with traditional supported lipid 

bilayers. TBLMs can also be designed to incorporate specific lipid composi- 

tions or surface functionalities, which can make them more tailored to specific 

applications. For example, tBLMs with specific lipid compositions can be used 

to study the effects of lipids on protein function,[61] while tBLMs with func- 
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tionalized surfaces can be used for the selective binding of molecules, such 

as antibodies or aptamers. This has pushed tBLM to be especially of interest 

within the field of biosensing: tetheres can be diluted with spacers, allowing 

for the incorporation of big, protruding trans-membrane proteins[23] as well 

as peptides, glycocalyx proteins, allowing for a more flexible use regarding 

PPIs. If a gold surface is used, further compatibilities with other sensing 

methods like Surface Plasmon Resonance (SPR)[62] or the Surface Forces Ap- 

paratus (SFA)[10] are easy to implement. With SPR, mass binding of PPI 

or target molecules can be observed via a change of refractive index, while 

SFA allows for surface-surface interactions, being a clandestine candidate for 

membrane-based PPI interaction. Lipids play an important role in structur- 

ing and regulating function of membrane proteins, significantly impacting 

the behaviour of these proteins. 

Besides biosensing, tBLMs have a noticable impact in drug discovery 

due to the aforementioned flexibility of incorporations of proteins.[63] These 

allow for a more physiologically relevant drug screening, which strengthens 

the predictability of in-vivo drug effects. In future, this could reduce animal 

drug testing, since essays can be performed on tBLM cells or complex lipid 

surfaces. 

Protein 
incorporation 

Vesicle fusion 

    

   
Self-assembly 

  

Protein 

functionalized 

membrane 

  

Monolayer 

  

Au Substrate 

Figure 2.4: Schematics of tBLM formation, including transmembrane protein 
incorporation. From left to right: A suitable (normally an atomically flat) Au 
surface is incubated in a solution with DPhyTL, allowing for a SAM to form 
(Step 2). In this step, spacers can be used to to leave more space between single 
tethers, which is needed for later protein incorporation. Step 3: With various 
methods like vesicle fusion an outer leaflet is then put unto the inner leaflet 
formed from the DPhyIL. Lastly, transmembrane proteins can optionally also 
be incorporated, given enough spacing is available for the protein. Taken from 
[64]. 
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TBLMs also have a several challenges: First and foremost, tBLMs are 

heavily dependent on the substrate surface. Uneven surfaces or scratches 

can result in defects or irregularities in the bilayer.[65] Too tight tethers don’t 

allow for successful protein incorporation, too long tethers can inhibit bilayer 

formation. Additionally, fluidity and permeability are influenced by the teth- 

ers. Lastly, the hydrophobic tails of the inner leaflet interact with the outer 

leaflet, also potentially influencing the outer leaflet. This is of importance 

when it comes to protein incorporation of the surface. 

2.7 Jarzynski Equality 

Single-molecule measurements have emerged as a powerful tool for studying 

the behavior ofbiological and chemical systems atthe nanoscale, even earning 

anobel prize for the optical tweezers, atool primarily used for single-molecule 

measurements du to its sensitivity to binding events, reaching lower pN 

force sensitivities. Single-molecule measurements give a new insight into 

fundamental processes, including enzyme kinetics and the relation of single 

molecule measurements to mesoscopic or macroscopic processes. 

One specific challenge of single molecule measurements isthenon-equilibrium 

state of most single molecule events: While drift-free measurement tools like 

SFA are capable of moving interfaces apart in a speed that allows to assume 

equilibrium processes. Rarely does a binding event happen without external 

force, especially with measurement tools like AFM or optical tweezers. 

In 1997, Christopher Jarzynski derived a relationship that provides a 

framework for calculating the free energy difference between two equilib- 

rium states of a system using non-equilibrium measurements.[66] This rela- 

tionship, the Jarzynski equality, has quickly gained relevance for statistical 

mechanics and is being applied to many nano-scale disciplines, including for 

single-molecule measurements. 

In statistical mechanics, the work done on a system is related to its change 

in free energy, which is a thermodynamic quantity that reflects the ability of 

the system to do work. The Jarzynski equality relates the probability distri- 

bution of the work, W, done on a system during a non-equilibrium process to 

the free energy difference, AF, between the initial and final equilibrium states 

of the system: 

u @) 
where = Er is the inverse temperature with kz being the Boltzmann 

constant, T the temperature, and (-) denotes the ensemble average over all 

possible non-equilibrium paths connecting the two equilibrium states. 

This allows to quantify the thermodynamic properties ofindividualmolecules 

using non-equilibrium conditions. 
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Overall, the Jarzynski equality has revolutionized the field of single- 

molecule measurements, providing a powerful tool for studying the behavior 

of individual molecules under non-equilibrium conditions. As the field con- 

tinues to evolve, it is likely that the Jarzynski equality will play an increasingly 

important role in advancing our understanding of the complex dynamics of 

biological and chemical systems at the nanoscale. 

2.8 Non-specific binding 

A big challenge in protein sensing is non-specific signals due to non-specific 

adsorption (NSA). Since the goal of most biosensors is to analyse biological 

samples, proper purification is on the one side not always possible and on the 

other side often a cumbersome intermediate step. Even for lab measurements, 

impurities of supplied chemicals may require further purification. Many 

measurement techniques, especially those used in this thesis, are surface 

based, so therefore almost all passivation techniques also focus on surfaces. 

Generally speaking, one can differentiate between two approaches that are 

not exclusive: passive and active NSA reduction: 

e passive methods (passivation) are done in one of two ways focusing on 

creating an anti-fouling layer which in turn minimizes protein adsorp- 

tion, [67] either by physical means like purposely saturating the surface 

with blocker proteins like bovine serum albumin (BSA) [68] or by chem- 

ically altering the surface to make it less attractive for NSA. Examples 

of this would be the use of PEG chains [69] or zwitterionic polymers to 

avoid binding of charged molecules. [70] 

e active methods try to exert forces strong enough to shear away the 

weakly bound proteins while not losing the stronger bound specific 

target proteins. Methods include so called alternating current electro- 

hydrodynamics (ac-EHD), where ac-EHD induced flow creates a vortex 

that rips NSA proteins away. [71] Other methods include using acoustic 

energy to break the non-specific bonds while leaving the specific inter- 

action somewhat undisturbed. [72] A combination of vibration and 

electric field manipulation even allowed to desorb more than half of 

the BSA bound to Tiand Ag plates. [73] Fluidic approaches to induce 

hydrodynamic shearing are also under investigation. [74] 

NSA can be described as a critical problem in biosensing. [75] Limitations 

of reliable NSA prevention means that often results need to be verified by 

expensive labratories, as can be seen nowadays during the Covid-19 pan- 

demic where cheap, rapid-testing antigen tests still need to be confirmed by 

PCR tests. This is an indication of the challenges ahead of electrochemical 

biosensing - without near-perfect NSA reduction no adequate biosensor can 
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be produced. Furthermore, due to the vast differences in the landscape of 

PPls, there is not one specific perfect NSA reduction method but a variety 

of methods heavily depending on the substrate, the sensing mechanism, the 

complexity of the protein kinetics and the usable materials. More recently, 

active methods are gaining more attentions with studies showing promising 

results of not just suppressing NSA but also enhancing signal strength. [76] 
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3 Materials and Methods 

In this chapter, a list of chemicals is presented. Afterwards, an overview 

of the techniques used as well as a brief description of specific application is 

given. Physical Vapor Deposition (PVD), Langmuir-Blodget-Trough (LBT), 

Atomic Force Microscopy (AFM), Surface Forces Apparatus (SFA), and basic 

electrochemistry measurements are explained. 

3.1 Chemicals and Materials 

Water was purified with a Milli-Q system (Milli-pore, TOC value <2 ppb, 

resistivity 218 MO)), and was used as standard, if not otherwise stated. 

Pure Chloroform (HPLC grade) was purchased from Carl Roth. Ethanol 

(HPLC grade) was purchased from VWR. If not otherwise stated, those pure 

solvents were used throughout for making solutions and cleaning substrates. 

Phosphate buffered saline (PBS), sodium chloride, potassium chloride, 

2-Amino-2-(hydroxymethy])-1,3-propanediol (Tris),nickel sulfite and ”NTA 

terminal-SAM formation reagent” were purchased from Merck. 

2,3-di-O-phytanyl-sn-glycerol-1-tetraethylene glycol-D,L-a-lipoic acid es- 

ter (DPhyTL) was custom made from Celestial Synthetics, Australia 

The lipids used were 2,3-dimethoxy-5-methyl-6-(farnesylfarnesyl)-1,4 - 

benzoquinone (06, neat oil, extracted from saccharomyces cerevisiae), pur- 

chased from Avanti Lipids (via Merck), Decamethyltetraconta-2,6,10,14,18,22,26,30,34,38- 

decaenyl]-5,6-dimethoxy-3-methylcyclohexa-2,5-diene-1,4-dione (Q10),purchased 

from AvantiLipids (via Merck), 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine 

(DSPE) as well as 1’,3’-bis[1,2-dioleoyl-sn-glycero-3-phospho] glycerol (sodium 

salt) (18:1, cardiolipin) were purchased from Avanti Polar Lipids. 1,2-dioleoyl- 

sn-glycero-3-phosphocholine (DOPC) as well as 1,2-dioleoyl-sn-glycero-3- 

[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (DGS- 

NTA, Avanti Lipids) were used as supplied. 

MHC(I), MHC(I) and CD4 proteins were kindly supplied by Professor 

Schütz’ Group from TU Vienna, Austria. CD45RABC was kindly supplied by 

Professor Jönsson’s Group from Lund University, Sweden. 

AFM tips (PNP-TR-Au , Tap-300G, CONT-BG, Arrow-UHF Au) were pur- 

chased from Nanoandmore. 

3.2 Physical Vapor Deposition Chamber 

The home-built Physical Vapor Deposition (PVD) chamber is an often under- 

appreciated but essential central piece of equipment for most ofthe conducted 

experiments. Vacuum inside the chamber generally reaches low 10° mbar 
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and allow for gold evaporation, reaching a RMS of around 400 pm on mica. 

This very smooth deposition often allows for direct use of surfaces, without 

any need for template stripping. Template stripping, often also in combina- 

tion with mica, [77] is often used to create smooth surfaces, with RMS in the 

same roughness range than our direct evaporation.[78] It should also be men- 

tioned that the PEG-chains of DPhyTL allows for a slightly rougher surface 

due to their mitigation, but as will be shown in chapter 4, directly evaporated 

electrodes are still smooth enough for direct lipid deposition. Another ad- 

vantage of the PVD chamber used is that two different metals (normally Ag 

and Au) as well as two different sputter targets can be used, allowing for a 

deposition of an adhesion layer of Ti before Au deposition.[79] 

The combination of no exposure to oxygen between sputtering and evapo- 

ration and very smooth evaporation allows to create multi-layered, smooth, 

directly evaporated surfaces which greatly increase handling. 

3.2.1 PVD substrate preparation 

In standard configuration, the membrane pump keeps a low, 10°? mbar vac- 

uum in the evaporation chamber. Samples, be it cylindrical quartz lens discs 

with a radius of curvature between 1 cm and 2 cm, cleaved mica or silicon 

chips, are prepared under a laminar flow hood adjacent to the PVD. When 

the sample is ready and taped to the substrate holder (either with double 

sided conductive carbon tape or kapton tape), the chamber is vented with 

nitrogen. It is very important that no volatile compounds are introduced into 

the chamber, e.g. that every glue is sufficiently hardened etc. 

Afterwards, the sample is introduced into the chamber and placed into 

the substrate holder holder. The chamber is sealed again and the membrane 

pump engaged. When the chamber pressure is down to 0.1 mbar, the turbo- 

pump is switched on and connected to the chamber. This brings the pressure 

of the chamber down to 10° mbar within an hour under normal conditions. 

3.2.2 PVD sputtering and evaporation 

If sputtering is desired, the slit separating the PVD chamber from the turbo- 

pump is half engaged. Argon is then slowly introduced into the chamber 

with three different valves needed to be opened, the last one using software 

to open gradually. It is very important that no pressure spikes occur since 

the turbo-pump can be severely damaged or destroyed if in contact with am- 

bient pressures while running. After an equilibrium of between 510°? mbar 

to 110°? mbar is reached, the shutter for the sputter target is opened. This 

shutter prevents contamination during evaporation processes or sample in- 

troduction. With a constant flow of Argon in the aforementioned pressure 
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range, the plasma is ignited with a metal specific energy load. In the case of 

Ti, 40 W for 540s were used. We estimate this to translate to an Ti layer of 

between 3-5 nm on the sample, which is more on the thicker side, but also 

ensures an adhesion layer without any holes. A violet hue can be observed 

inside the chamber, and regular checkups during the sputtering process are 

needed since the plasma can extinguish if there are any pressure fluctuations. 

After the sputtering process is completed, the Ar valves are closed, the slit is 

opened fully for the chamber pressure to reach evaporation pressures of low 

10° mbar. 

After an optional sputtering, with a low 10° mbar pressure inside the 

chamber, the evaporation process can be started. Either an Au or an Ag is 

electrically heated until a stable evaporation speed is reached. The difference 

of energy needed to evaporate Au vs Ag is so drastic that a carefullook and a 

very slow start for Ag evaporation is advised. A calibrated QCMD is used to 

track the evaporation speed and total thickness. Depending on what surface 

is desired, it is very important to evaporate as slow as possible, meaning that 

the evaporation speed should be on the border of the detectableby the QCMD. 

If no ultra-smooth surface is needed or the sample will be template-stripped, 

slow initial evaporation is still required to create a smooth substrate-layer 

interface, albeit the evaporation speed can be significantly increased after the 

first initial 1-2 nm. Due to the volume of the chamber, no severe heating is 

observed, the chamber gets slightly warm. "Therefore, no wait between the 

end of evaporation and extraction of sample is needed. 

In order to extract the sample, the turbo-pump is separated from the PVD 

chamber and turned off. The chamber is then vented with Nitrogen, the 

sample holder put back under the laminar flow hood for further processing, 

sealed up again and finally, the membrane pump engaged again. 

3.3 Electrochemistry 

The following chapter is based on parts of an article that was published un- 

der the title ”O-lipid-containing membranes show high in-plane conductivity 

using a membrane-on-a-chip setup” in iScience (see [55]), reproduced under 

the corresponding copyright agreement. 

Oxidized silicon wafers (100 nm oxide) were cleaned for Ihin concentrated 

acidic piranha (1:3 30 % hydrogen peroxide/98% sulphuric acid), rinsed thor- 

oughly with MilliQ-grade water followed by ethanol. A 5 nm of Ti adhesion 

layer was added via sputter coating, and 50 nm of gold was deposited by 

evaporation under constant rotation. Sputtering and evaporation were done 

in the same custom-built setup such that the Ti adhesion layer was not ex- 
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posed to air before gold deposition. Sputtering and evaporation took place at 

a pressure of of 2-107°. 

Electrode shapes were defined by masking the chips using a custom-built 

evaporation mask. The designed mask generates two gold electrodes that are 

separated by a 30 pm gap , which was measured by SEM, over roughly 0.5 mm 

distance. The area of the working-and counter electrode under the droplet 

is roughly 0.5 mm? . Using Langmuir-Blodgett trough (LBT) deposition a 

membrane can be grafted on this chip, so that an in plane resistance can be 

measured. An o-ring prevents drying out of the membrane, and stabilize the 

droplet. The diameter of the o-ring is selected so that the area of the electrode 

remains small, but large enough that wetting effects (contact angle formation) 

should not impact the deposition of the membrane during transfer across. 

All electrochemical experiments were performed using either a Pt-wire 

or Ag—-AgCl-electrode as reference electrodes with a PalmSense or a Bio- 

logic potentiostatic. Data is referenced to the Ag—AgCl potential. A redox 

potential of +650 mV is established between the working (WE) and refer- 

ence (RE) electrode, while the counter electrode (CE 1) can supply in plane 

membrane current. 'The current is measured laterally across Q-containing 

membranes as shown in the schematic, which effectively enables an in-plane 

current between the WE and CE1. CE 1 supplies the current consumed by the 

WE in a potentiostatic setup. At the same time a pH gradient is established 

due to simultaneous proton hoping. Control experiments include insulating 

membranes without O-lipids, blank chips as well as measurements with the 

redox-active membranes using an alternative counter electrode (CE 2, plat- 

inum). CE 2 cannot establish trans membrane current flow as it inserts into 

the electrolyte without direct membrane contact. 

34 Langmuir-Blodgett Trough 

While Irving Langmuir discovered in 1917 that water-air interface monolay- 

ers are transferrable on other substrates, Katharine Blodgett showed in 1935 

that those layer can be stacked to create multilayers.[80] Nowadays, mod- 

ern Langmuir-Blodgett Trough (LBT) are pieces of equipment that allow for 

a precise control of monolayer compression and subsequent transfer onto a 

substrate within a subphase.[81] If the amount of molecules deposited on the 

surface is known, area densities can be calculated. 

3.4.1 LBT preparation 

Before each use, the LBT is cleaned by the following protocol: 

Firstly, the surface of the LBT is cleaned by wiping the surfaces (including 

the substrate holder) with a wipe with pure EtOH. After that, the tube for 

sucking the water out is also wiped down. The LBT is filled with MilliO 
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Figure 3.1: Schematics of functioning principle of LBT. A monolayer of hy- 
drophilic lipids with a controlled pressure is applied on a substrate by pulling 
the substrate through the monolayer. This process can be repeated for many 
layers. 

water which is then discarded. This, in combination with having the LBT in 

a laminar flow hood, minimises foreign particles and other contaminations. 

After those cleaning steps, the LBT is filled with the necessary fluid (this might 

be MilliQ or any aqueous solution with any ionic concentration). as long as 

the fluid is neither corrosive or especially contaminating. Roughly 1.4-1.5 

liters of liquid is needed to fill up the LBT to the required levels. To determine 

the pressure of the monolayer, a calibration of the pressure sensor is needed: 

A piece of filter tissue is cut into a roughly 2x4 mm piece and is then hydrated 

overnight in MilliO. This is then used as a Wilhelmy plate. This paper is then 

attached to the sensor. When the tissue is halfway immersed in the liquid 

of the LBT, the sensor is calibrated to having a pressure of 0 mN/m since no 

monolayer is on the surface and therefore no pressure is exerted on the filter 

paper. Then the filter paper is hung in air - this value is then calibrated to 72.5 

mN/m (the surface tension of water at20 °C), giving us a two-point calibration 

for the pressure sensor. This, if needed, can be controlled by introducing a 

known lipid the observe the layer collapse at higher pressures. After the 

paper is put back into liquid (and double checked that the pressure sensor 

value is still zero), the molecules of interest can be introduced into the system. 

3.4.2 LBT Lipid interface deposition 

After the aforementioned cleaning, any type of not water-soluble molecule 

can be introduced to the air-water interface, but we will focus on lipids from 

now on. Lipids, normally dissolved in chloroform, are put on the interface 

using a Hamilton syringe. With an LBT of our size, the amount of lipids used 

is in the lower 100 nM range. The chloroform droplets are carefully put on 

the surface, ideally not letting them fall from the syringe to the surface to 

avoid the possibility of creating micelles. More than one lipid type can be 

introduced at this point. No noticeable lipid pressure should be observed at 

this point, albeit some spikes lasting for a few seconds due to the chloroform 
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are normal. The system is then left alone for a few minutes to allow the lipids 

to order themselves and to let all of the chloroform evaporate. Due to the 

amphiphilic character of the lipids, the lipids will arrange themselves with the 

hydrophilic head interacting with the water interface while the hydrophobic 

tails are pointing away from the surface. If the area per molecule is big 

enough, no pressure is exerted and the lipids are in the so-called gas phase. 

If the lateral barriers are then slowly moved to decrease the surface area, a 

pressure increase can be observed, changing the lipid phase from the gas 

phase to the lipid phase ( up to around 20 mN/m) and finally to the solid 

phase (up to 45 mN/m). Over around 45 mN/m, a collapse of the lipid layer 

can be observed: The monolayer gets so dense that it pushes parts of it under 

the water surfaces, creating micelles. Exact values are heavily dependent 

on the type of lipid or lipid mixture used and their respective mobilities. 

Cardiolipin for instance drastically increases the mobility of lipids withing 

a monolayer,[82] therefore increasing the area where some pressure can be 

observed manifold. 

3.4.3 Substrate deposition 

Lipids can be generally deposited on any type of substrate, albeit a smooth 

surface without any overlaps or drastic angle changes should be favored. 

While many type of deposition sequences can be used, the basic technique 

is always the same: Moving the substrate vertically through the monolayer 

while leveling the pressure to the desired value. One noticeably mention 

here should be the Langmuir-Schaefer method, [83] where the substrate is 

pushed horizontally through the layer, essentially depositing a monolayer 

simultaneously over the full substrate area. 

For the experiments, two different approaches were used: 

For a sBLM, the substrate is submerged in the liquid prior to the lipid 

deposition. At the set pressure of 20 mN/m the lipid bilayer was deposited 

by moving a chip out and into the sub-phase of the LBT at a speed of 22 um/s. 

After bilayer formation the samples were never allowed to dry out or dewet. 

Therefore an 8 mm o-ring was glued around the electrodes prior to membrane 

deposition. 

If aSAM like DPhyTIL is used, just the second step is needed. After the 

successful deposition, the substrate is put into a vessel within the well of the 

LBT to guarantee no air contact of the lipid bilayer. 
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3.5 Atomic Force Microscopy 

3.5.1 AFM Cell preparation 

In order to start the AFM measurements, sample cell membrane must be 

checked for leakages to avoid damaging the AFM. For this, the cell is sealed 

using a cantilever holder and by closing the venting valve. Ar is then intro- 

duced in the chamber until a pressure of 200 mbar is reached. After that, the 

inlet is sealed off and the pressure drop is monitored. A pressure drop above 

5 mbar per minute is not acceptable and is evidence for either a leakage in 

the AFM cell membrane or some contamination at the sealing ring of the can- 

tilever holder. The first problem can be fixed by loosening the base magnet 

holder, removing it and refixing the AFM cell membrane at the base. Over 

time the AFM cell membrane can get loose, requiring the aforementioned 

leakage test to avoid spillage into the sensitive electronics below the base. 

The latter problem can be fixed by carefully wiping the sealing ring with a 

wipe to remove any residue. 

The full process might need to be repeated in order to guarantee a good seal. 

Aftertheleakage check, the sample glued to amagnet disc can put on the mag- 

netic base and the cantilever installed in the cantilever holder. Before sealing 

the chamber the distance between cantilever and sample should be controlled 

since it is possible that the position of the cantilever could be already in the 

sample. 

3.5.2 AFM measurements 

AFM topography experiments were performed using anenvironmentalCypher 

(Asylum Research) and triangular high-frequency cantilevers that are driven 

by photo thermal excitation. Using a custom-made cell, providing a well for 

holding liquid, lipid bilayers were deposited and never allowed to dry out or 

dewet prior tomeasurements. The well was made by stamping a UV glue well 

with an o-ring onto muscovite mica sheet where the previously mentioned 

electrodes were deposited. 

For surface topography measurements, tips were used asis. Forsm-AFM, 

tips were prepared by following the Manual provided by the manufacturer. 

In short, tips were cleaned by immersion in 99% H2SO,. After rinsing, the 

tips were incubated overnight in a 0.2 mMol ”NTA terminal-SAM forma- 

tion reagent” solution. Next day, the tips were rinsed and incubated in a 40 

mMol NiSO; solution. After that, proteins were incubated the same way as 

described above in the "Membrane formation and protein incubation” para- 

graph. 
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3.5.3 single-molecule AFM analysis 

Single-molecule AFM measurements are inherently limited by the SNR and 

the cantilever spring constant: The smaller the spring constant, the smaller 

thebinding eventcanbe detected. This is very important due to the Jarzynski- 

equality [66]: For a longer time, a disparity between non-equilibrium single- 

molecule binding events and macroscopic binding ensemble events could be 

observed. Single-molecule measurements tend to show a considerably higher 

binding event in relation to the ensemble measurements. Jarzynski explains 

this phenomenon by linking the average binding strength with an exponen- 

tial relation to the average work needed to break the binding. This means 

that small binding events have a significant influence on the overall binding 

behaviour of ensembles, highlighting the necessity to detect the smallest of 

binding events to accurately quantify binding energies from single molecule 

force runs. 

The chance of binding events with a single-molecule modified AFM tip vary 

depending on factors like protein density, separation speed, and competing 

proteins limiting the access of the binding spots. We found for unmodified 

protein surfaces, binding events with a medium speed (around 25 nm/ms), 

there’s a binding chance of around 8-10 percent, being in agreement with 

literature.[84] Each force run has to be manually reviewed to minimise influ- 

ence of double-binding events, measurement artifacts or no binding events. 

After amanual selection, each force run is analysed for the maximum breaking 

force as well as the energy needed to break the bond (see Figure 3.2). 

These measurements can now be analysed in regards to different separa- 

tion speeds, allowing to firstly understand any potential speed dependencies 

of the maximum break force (or lack thereof) as well as a control tool for loos- 

ing to much information due to a higher SNR with higher speeds: The energy 

of our binding events needs to be the same value since energies of events 

are path-independent, allowing for an easy control tool: When the binding 

energy goes up, the SNR looses too many of the small binding events, quickly 

changing the average binding energy due to the aforementioned Jarzynski- 

equality. 

3.6 Surface Forces Apparatus 

The Surface Forces Apparatus (SFA) is a measurement technique to measure 

interface forces on a molecular level between two apposing surfaces.[85] This 

technique has first been introduced by Tabor, Winterton and Israelachvili,[86] 

originally used to measure Van der Waal forces between two mica surfaces. 

The technique combines optical based distance calculation (multiple beam in- 

terferometry, MBI) and force measuring using a spring, allowing for Angstrom 

distance resolution with pN/molecule force resolution, allowing for very ac- 

23



  0.25 — 

0.20 |- 

0.10 F 

0.05 r 

0.00 |- 

Fo
rc
e 

(n
N)

 

-0.05 - 

-0.10   -0.15 |       -0.20 FE EEE BE EEE BEE VER GEN EEE BEE TEEN WERE EEE BEE BEE 

0 1 2 3 4 9 6 7 8 

Distance (nm) 

  

Figure 3.2: Zoom-in of an example of a binding event in a single molecule 
force run: The energy needed to break the bond is marked in blue, while the 
maximum force needed to break the bond is marked by the arrow to the right 
side. 

curate Force-Distance curves. This system has since come a long way, being 

utilised to measure electrochemical changes of surfaces, biophysical interac- 

tion, and also hydrophobic interaction between two tethered lipid bilayers. 

This thesis mostly uses an electrochemical cell previously described, used 

in electrochemical mode for the high-speed electrochemical measurements, 

and just used as a liquid cell for bio-interaction measurements. Furthermore, 

distance measurements are of secondary importance for bio-physical mea- 

surements since the focus is put more on the PPIs under different conditions. 

For the electrochemical measurements, a heavy emphasis is put to the distance 

measurements, focusing on a high-speed resolution, reaching a time resolu- 

tion of 200 frames per second. The used SFA setup is a modified setup, using 

a load-cell force sensor (ME-Messsysteme GmbH) with a detection limit of 1 

uN. This force measurement setup has two distinctive advantages: First, force 

can be measured decoupled from interferometry measurements. Second, real- 

time output of the force sensor allows for easier handling during experiments. 

As important as the measurement methods is the measurement cell. The 

used cell needs to be able to allow for electrochemical measurements and for 

protein incubation, highlighting the need for a chemically stable, clean and 
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leak-proof measurement cell. We chose to use a combination of a stainless 

steel base plate and a PEEK main cell boy, which, together with an o-ring, 

tubes for in-and outlet and some screws, fulfil all necessary requirements. 

This allows also for changing of measurement liquids or incubation liquids, 

further easing the measurement process. Additionally, the steel base plate 

is small enough to dipped into the LBT - a necessity for the lipid bilayer 

assembly used in this work. Lastly, the cell can be assembled underwater, 

minimising the risk of dewetting of the lipid bilayer. 

For the electrochemical measurements, a gold wire can be physically 

pressed onto the semi-transparent gold surface using a thin peek plate fixed 

with two plastic screws, doubling as the working electrode. 'The counter 

electrode made of platinum can be also fixed within the cell using one of 

the aforementioned plastic screws and can be connected to the potentiostat 

using a thin wire. This leads to a non-uniform electric field which breaks 

symmetry, but minimises interference with the SFA measurement. The ref- 

erence electrode can be placed in the bubble trap of the cell. This allows for 

a setup optimised for interference-free high-speed measurements while still 

having a working, albeit not optimised, three-electrode electrochemical setup. 

The cell is mounted on a x-y-z stage, allowing for rough position of the 

cell and the apposing surfaces in the optical path. Micrometer screws allow 

for fine adjustments to approach the point of contact. An additional piezo (PI 

instruments, 100 um range) can adjust the contact point when put into contact, 

allowing for linear movements into and out of contact. The interference pat- 

tern was recorded with different frame rates: 10 fps for the PPlmeasurements, 

while the electrochemical measurements used different speeds (normally ei- 

ther 60 fps or 200 fps). 

The setup for the PPI measurements used a three-mirror interferometry 

previously described, while the electrochemical high-speed measurements 

used the more traditional 2 mirror setup with a mica surface apposed to a 

gold surface. 

3.6.1 SFA Substrate Preparation 

Muscovite mica is cleaved into thin pieces around 4-10 um and put on an- 

other backing sheet mica. 35 nm Ag is then evaporated on those thin pieces 

of mica. When SFA discs are prepared, Ag-covered mica pieces are cut into 

appropriate sized pieces and are glued with NOA 81 glue onto cylindrical 

quartz lens discs with a radius of curvature between 1 cm and 2 cm with the 

mica side up. The mica is used as a optical spacer which is needed to have 
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FECO distances in an analysable range. If a three-mirror setup is needed, Ti 

is sputtered as an adhesion layer and a thin, 10 nm thick film of Au is then 

evaporated onto the disc. To increase storage life of the three-mirror discs 

they are stored covered in a laminar flow hood. 

For the gold-surface cylindrical quartz lens discs, big sheets of mica are 

cleaved to have a bendable thickness and an atomically smooth surface. 

Around 35 nm of Au are then evaporated onto the mica sheet without any 

adhesion layer. Using Epotek 377 glue, the gold is glued onto the discs, us- 

ing small weights to bend down the flexible mica sheet along the cylindrical 

surface in an oven at 150°C overnight. The next day, the mica sheet are sub- 

merged in Ethanol to support the template-stripping of the mica. Finally, 

The gold surface is checked with an Ohm-meter for any residue mica layers. 

The freshly cleaved Au surfaces are then used as quickly as possible for any 

further preparation methods. 

3.7 SFA measurements 

After putting the cell in place, different measurement speeds can be achieved 

by tuning the piezo with different voltage speeds. generally, measurements 

are conducted in a lower nm speed range. The analysis of distance mea- 

surements was carried out with SFA Explorer software package adapted for 

3-mirror systems; SFA Explorer software was used for analysing of the high- 

speed measurements. Fittings of mirror thicknesses and mica thickness was 

performed in a dry measurement prior to measurements, either with discs 

with the same mica sheet prepared the same way, or by using the same SFA 

discs before functionalisation. For protein measurements, a DPhyTL thick- 

ness of 5-6 nm was assumed.[87] 

3.8 Protein incubation 

We used tethered bilayer lipid membranes (tBLM) for our experiments. Firstly, 

we incubated our gold surfaces for 1 hour in a 0.1 mg/ml DPhyTL ethanol 

solution. After a thorough rinsing with pure Ethanol, we applied the outer 

leaflet of the bilayer using a Langmuir-Blodgett Trough (LBT). A 0.1 %mol 

mixture of NTA-DGS and DOPC were equibrilated with a surface pressure 

of 20 mN/m for a few minutes before they were deposited on our samples. 

After that, 1 ug of either CD4 and/or CD45RABC or MHC(II) were incubated 

on each surface respectively. After 1 hour, 100 mM TRIS buffer was used to 

denature any residual active binding sites. 
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4 Q-lipid-containing mem- 
branes show high in-plane 
conductivity using amembrane- 
on-a-chip setup 

The following chapter is based on the article that appeared under the 

same title in iScience (see [55]), reproduced under the corresponding copy- 

right agreement. The concept of using redox-active lipid heads to transduce 

electricity at the time of this work has not been established. Our work shows 

distinctive behaviour across the membrane as well as on a single water-air 

interface monolayer. 

4.1 Introduction 

The light-driven reactions of photosynthesis, as well as the mitochondrial 

power supply, are hosted within specialized membranes containing a high 

fraction of redoxactive lipids. Protein mobility and diffusion of redox-lipids 

is believed to be the in-plane charge transfer mechanism along such cell 

membranes. Using a membrane-on-a-chip setup, we show that redox-active 

model membranes can conduct and sustain surprisingly high (mA) in-plane 

at distances of 25 um. We further demonstrate the same level of conductivity 

for free-standing monolayers at the air water interface at varying surface 

pressure, and once the distance between redox centers is below Inm. Our 

data suggest that charge transfer within cell walls hosting electron-transfer- 

chains is sustained by an effective coupling of redox-lipids by a simultaneous 

electron and proton in-plane hopping, similar to conductive polymers. This 

completely alters the understanding oftherole of lipid membranes suggesting 

that QO-membranes may be essential for evolving complex redox-machineries 

of life. 

Quinone motives in molecules of higher life forms are an abundant molec- 

ular electron, redox and proton shuttle, serving very diverse purposes.[88] For 

instance, water soluble ortho-quinones (Figure 4.1a) such as adrenaline are 

important neurotransmitters. The redox chemistry and pH regulation via the 

aminoacid L-ortho-Dihydroxyphenylalanin (L-DOPA) plays a central role in 

wet-glues expressed by mussels. [88-91] 
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Figure 4.1: a) Water soluble ortho-quinone motives, general redox reaction 

of para-quinones as well as the membrane active para-quinones which are 

linked to hydrophobic isoprenoid chains of varying length (R3). b) Schematic 

of the chip used. c) Photograph of the chip. d) Schematic of the experimental 

setup, showing the working (WE), counter (CEl or CE2) and the reference 

electrode, as well as the depositied lipid bilayer (c.f. text for details). 

Conversely, para-quinones (see Figure 4.1a) actas amphiphilic "membrane- 

active” redox-shuttles and co-enzymes. For instance, ortho-quinone contain- 

ing K-vitamins controlblood coagulation and support enzymatic activities.[92, 

93] The thylakoid membrane, which hosts the photosynthetic redox-chain, 

contains plastoquinone (PO) for delivering electrons from photosystem II to 

plastocyanin, and for building up a proton gradient across a cellmembrane.[94, 

95] In mitochondria the oxidative phosphorylation is supported by co-enzyme 

Q10.[96, 97] 

Species specific Q-coenzymes, shown in Figure 4.1a, vary by the number 

of their isoprenoid side chains. For instance, Q10 is the central electron and 

proton carrier in human mitochondria, Saccharomyces cerevisiae use Q6.[98] 

Hence, in nature membrane soluble quinones appear as para-quinones, 

with modestly varying chemistry. Redox-membranes are thus electrochem- 

ically and conceptually surprisingly similar and conserved across species 

barriers. They feature a high (up to 30%) content of quinone to provide the 

reversible redox-equilibrium to sustain electron transport chains (ETC). 

Based on transmission electron microscopy it was argued that diffusive 

electron and proton shuttling via quinones is the major current conduction 

mechanism along the ETC. The observed swelling of the thylakoid mem- 

brane under illumination was linked to enhanced mobility and diffusivity of 
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membrane molecules during photosynthesis.[99] However, diffusion is not 

rate limiting the ETC from PSII to plastocyanin, but rather the re-oxidation of 

PQ at the plastocyanin redox pocket.[100] Furthermore, electron bifurcation 

occurs within Quinone-membranes (Q-membranes) as a central energy min- 

imisation principle for interdependent biologic reaction pathways utilised by 

nature.[101] 

Here, we show demonstrate electric non-diffusive currents across self- 

assembled coenzyme Q6-containing membranes ("Q-membranes’) in the mA 

range. 

A biocompatible material with high in-plane conductivity would have 

an enormous range of applications in bioelectornic materials, for example 

as interfaces between biological tissues and implants or smart materials and 

electronic extensions (i.e. smartskin and multisensory input devices). Itcould 

also serve as platform for highly efficient artificial photosynthetic processes 

and as a biocompatible semi-conducting basis for biosensing devices. 

For this, we designed an electrochemical membrane-on-a-chip setup shown 

in Figure 4.1 b,c. Two electrodes are placed in close proximity (30 um) on the 

chip. Using a Langmuir Blodgett trough (LBT), we deposited lipid bilayers 

at controlled surface pressures. As shown in Figure 4.1d, the membrane 

establishes an in-plane connection between the two electrodes, allowing us to 

measure in-plane membrane conductivity and resistance. 

4.2 Results and Discussions 

We initially selected a model membrane with 30 % (mol) of Q-enzymes (see 

SI for more information on the materials and methods). As matrix, the phos- 

pholipid 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) was used 

which is not redox-active. This matrix lipid has an amine headgroup facili- 

tating stable membrane coupling to both materials of the sensor. DSPE estab- 

lishes a lipid bilayer structure with a thickness of about 8nm,[? ] which can 

naturally host the hydrophobic tail of Q-enzymes, as shown in the schematic 

in Figure 4.1a. The formation of stable model membrane architectures with 

these constituents was tested by LBT and impedance spectroscopy (details 

see SI, Figures 4.2-4.3 and 'Iables 2-1). 
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Table 1: Fitted electrical data of other coenzyme Q6-modified tethered bilayer 
lipid membrane. 
  

  

  

            
  

  
  

  

  

R (kQ) | Error (kQ3) | C (uF) | Error (uF) 

Bilayer1 | 762.1 27.1 20.5 0.2 

Bilayer2 | 145.1 74.0 4.0 0.7 

Bilayer3 | 185.4 0 62.6 1.1 
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Figure 4.2: a) LB pressure area isotherms of DSPE + O6 at different molar 

rations. With increasing 06 content the area per molecule decreases by about 

15% indicating a strong interaction of 06 and DSPE within the membrane. 

b) LB pressure area isotherms of DSPE, DSPE+0Q6, and DSPE + 30% 06 + 

20% cardiolipin. Both systems show a consistent monolayer formation with 

typical lipid monolayer characteristics. While a) indicates acompression with 

increasing 06 content, b) indicates a considerably increased area per molecule 

with cardiolipin added. As anote: The area per molecule is given as average 

value over all membrane lipids, and it is not adjusted to linear combinations 

of the individual constituents. 

Figures 4.3 and 2.3 show impedance of a tethered model membrane with 

an outer conducting leaflet with and without valinomycin (vmic, an ion con- 

ducting channel), proving membrane formation. With valinomycin the re- 

sistance can be lowered by adding KC], which opens the channels, while it 

increases again with NaCl (see Table 2). As shown in Table 1, the electrical 

resistance of membranes shown in Figures 4.3 and 2.3 is slightly lower than 

that of one comprised purely of DPhyPC (typically in the range of 10-100 MQ)) 

and the capacitances are slightly higher than normal. The lower resistances 

is an indicator that coenzyme 06 was successfully incorporated. Firstly, be- 

cause the conductivity of the compound probably amplifies the effect of any 

defects in the membrane. Secondly, the chain length of coenzyme 06 does not 

match that of either DPhyPC or DPhyTL and as such the membrane structure 

is distorted. 
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Figure 4.3: Bode plots of a coenzyme Q6-modified tethered bilayer lipid 

membranes functionalised with valinomycin under various electrolytes. See 

text for details. 

Asindicated in Figure 4.4a, we adjusted the redox potential of the working 

electrode (WE) to a potential of +650 mV vs the RE electrode. Q-coenzymes 

have a reported primary oxidation peak around 0.2-0.3V,[102, 103] which is 

lower than the potential at which we observed conductivity. However, a 

large overpotential with an oxidation peak around 0.5 V was also reported 

for quinones, if they are at some distance from the oxidizing cathode. The 

distance between the lipid bilayer and the ’gating’ electrode where the poten- 

tial was applied is the likely cause for the increased overpotential required to 

achieve conductivity. As indicated in Figure 4.4a, this results in a sustained 

and high oxidation current ranging from 0.3-14 mA establishes across the 

membrane. 

These results are only possible if the current is transported along a mem- 

brane plane acting like a resistor. If it was diffusion-based, the current would 

rapidly decline as the charge carrying species are collected at each electrode. 

We propose that CEl simultaneously injects electrons, reduces Q-lipids and 

the in-plane current flow maintains the high level oxidation current at the 

WE. Hence, an in-plane electrochemical current flow across the WE and CE is 

established, along with a redox gradient. 

The inset in Figure 4.4 shows the highest in our experiments measured 

in-plane current of 14 mA across membranes containing 30% Q6. Q10 (30%) 

was also tested, giving similar current ranges. 
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In 4.4a, the measured current is compared to control systems not con- 

taining Q-enzymes. Measured controls are the blank chip as well as chips 

deposited with a 100% DSPE membrane. As expected, the pure DSPE mem- 

branes and blank chips exhibit a low and expected capacitive charging of the 

gold WE in the low uA range. In contrast, for Q-membranes, the measured 

current is -4 orders of magnitude higher. In principle, this demonstrates a 

very effective in-plane conduction mechanism along the redox-active mem- 

brane. However, with this bilayer composition (30% Q-lipid in a matrix of 

DSPE), we did not obtain a consistent current with one order of magnitude 

variation of the current from 0.3-14 mA across different experiments, some- 

times even no conductivity could be achieved. We also found that different 

lots of 06/010 behaved differently. Specifically, we used chemicals as deliv- 

ered, and in total 4 different lots (10 sets of experiments each) were tested. 

From these batches three worked, and one batch did not yield any significant 

currents in this configuration (30% Q-enzyme + DSPE). 
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Figure 4.4: a) In-plane current between WE and CEI, across 30% Q6—20% 

cardiolipin—DSPE membranes, in comparison to control measurements with 

DSPE, and blank chips (data points). Exchanging WE and CEI reverses 

the current direction, at similar magnitude (see x(-1) data). Data for 30% 

Q6—DSPE is shown in the small re-scaled inset, as well indicated by the 

observed range (arrow on the right). b) Real-time current across a monolayer 

at the air-water interface comprised of 20% cardiolipin, 30%Q6 and 50% DSPE 

(black) and correlation with the surface pressure (red). The inset shows a 

schematic of the measurement setup within the LBT. 

We postulated that impurities in the naturally extracted material might 

directly effect the mobility, intra-membrane segregation and alignment of Q- 

lipids. Subsequent examination of redox-conducting membranes suggested 

that intra-membrane segregation of lipid compounds is further moderated 

by unsaturated lipids. For instance, in mitochondria, a special lipid know as 

cardiolipin, [56] with 4 unsaturated 18 carbon long chains, is present with a 
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concentration of up to 20%, [56] while thylakoid membranes contain a similar 

fraction of branched galactolipids (sugar headgroup lipids).[104] 

We therefore further explored the effect of cardiolipin close to its natural 

concentration added to our previous membrane design, i.e. 20% cardiolipin 

+ 30% Q6 + 50% DSPE. When adding cardiolipin, we find consistent currents 

of up to 1-2 mA for all Q6 batches, including the one that did not work well 

previously, as shown in Figure 4.4a. In addition, as shown in Figure 4.5, 

AFM imaging of the membranes confirms preferential cluster formation and 

hence pronounced segregation in membranes without cardiolipin. We there- 

fore conclude that the presence of cariolipin prevents clustering, i.e. domain 

formation. In addition, LBT pressure isotherms indicate a ~35% increased 

area per molecule in cardiolipin containing Q-membranes compared to mem- 

branes without cardiolipin (Figure 4.2), similarly indicating less compacted 

in-plane membrane structures. 
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Figure 4.5: AFM topography of redox membranes. a) The membrane consist- 

ing only of DSPE + 30% 06 indicates formation of isolated plaques, indicative 

of a segregation into the constituents. b) The membrane with an additional 

20% cardiolipin shows no plaque formation, and indicates the formation of 

a interconnected network of domains. Also, this layer is very sensitive to 

pressure during topographic imaging, and at high pressures the outer leaflet 

can be shaved off leaving a hole that heals with time (data not shown). In con- 

trast, the membrane shown in a) does not heal out after damaging, indicating 

a high degree of fluidity in the cardiolipin containing membrane. 
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Moreover, in the presence of cardiolipin, there was a significant difference 

between the compression and decompression isotherms which we did not 

observe in films containing only DSPE. To better understand the finding of 

the observed in-plane conductivity, we also examined the electrical behaviour 

of Q-lipid containing monolayers at the air-water interface in a Langmuir- 

Blodgett trough (LBT). The inset in Figure 4.4b shows a schematic of the 

designed setup, which allows us to measure conductivity as a function of the 

2D lipid surface pressure, i.e. at varying distance and mobility of the lipids at 

the air water interface. We expected to measure significantly lower currents 

in this configuration compared to depositing the bilayer on a chip, as the gap 

between the electrodes was set to 5 mm rather than 30 um. However, the 

large gap size is essential to limit capillary effects between the electrodes at 

the air-water interface. 

Figure 4.4b shows the effect of the surface pressure on in-plane conductiv- 

ity of a free-standing monolayer with a similar composition used in the exper- 

iments above. The recorded current between two electrodes immersed in the 

LBT (see Figure 4.4b shows a direct correlation with the applied film pressure 

when a monolayer is freely spanned on the air-water interface between the 

electrodes. At a pressure of around 5-10 mN/m, where lipid molecules con- 

dense from a 2D gas into a liquid phase with distances below 1 nm, we see a 

significant increase of the in-plane current. Upon further compression, we see 

a concurrent increase of the current up t0 20 nA until reaching a film pressure 

of 20-35 mN/m. As the pressure exceeded 35-38 mN/m the current reduced 

to near zero again. This coincides with the levelling of the surface pressure, 

at continuous area reduction, which indicates that the monolayer collapses 

and/or expels OQ-lipids from the monolayer as previously proposed.[102, 103] 

This behaviour demonstrates that Q-lipids have a pressure and lipid density 

dependent conductivity, which is in line with observations of e.g. increased 

current transduction based on membrane swelling.[99] Further, in this setup 

the current level decreased by three orders of magnitude to the nA-level. 

This is the expected drop, given that the distance between the electrodes was 

increased by about three orders of magnitude. 

This data shows that freestanding Q-lipid monolayers can similarly con- 

duct current, and that a membrane-on-a-chip system can utilise these prop- 

erties. 

Hence, membranes where Q-molecules are better dispersed by the unsat- 

urated lipid fraction are essential to ensure the consistent mobility and misci- 

bility to establish stable and reproducible ”redox-bridging” across such con- 

ducting Q-membranes. To further characterise the electrochemical behaviour 

of the bilayer, we analysed the system with electrochemical impedance spec- 

troscopy (EIS), both across the membrane and along the plane of the mem- 

brane. 
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Figure 4.4b shows a typical in-plane potentiostatic impedance spectroscopy 

of 30% Q6 — 20% cardiolipin—DSPE membranes measured at 650 mV applied 

to the WE, i.e. during current conduction. 
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Figure 4.6: In-plane EIS data of a DSPE lipid bilayer and a 

DSPE/cardiolipin/Q6-membrane. a) Bode plots of DSPE only (black) and 

conductive (red) membranes. Symbols represent experimental data and solid 

lines fitted data. b) Complex plots of the same data DSPE only (black) and 

conductive (red) membranes. Symbols represent experimental data and solid 

lines fitted data. c) Equivalent circuits used to fit the data. d) Fitting param- 

eters for both membrane systems. The errors represent the range of values 

that could be fitted to each parameter without decreasing the quality of the 

fit. 

While the in-plane EIS spectrum of a bilayer without 06 showed a fairly 

typical EIS spectrum (see Figure 4.6 a) with high resistance, the spectrum of 

O6-containing bilayers showed highly unusual behaviour similar to redox- 

active polymer films with negative capacitances attributed to oxidation.[105] 

Additionally, elements with a negative ohmic resistance were also required to 

fit the data. The spectrum of the Q6-containing membranes can be fitted with 

4 resistor/capacitor (RC) elements in series [106] with an overall resistance of 

about 400 Ohm (see Figure 4.4b). For all fitting parameters, see Figure 4.6d. 

Considering the time domains, the four RC elements approximate 1) the 

electron transfer resistance at the gold/membrane interfaces (R3/CPE3), while 

the other 3 elements at lower frequencies may indicate the coupling of electron 

flow (described by RE1/2 and CPE1/2) with proton translocation (described 

by RO/CPEO). 
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Interestingly, atlower frequencies we observeimpedance behaviour known 

as an inductive loop[107] (see Figure 4.6b) which is typically found for ion 

transport in batteries or fuel cells.[108, 109] Such features require seemingly 

nonphysical negative resistances and/or capacitances for equivalent circuit 

fits. These are often associated with ionic transport in the direction of the 

potential, as in this case. We similarly interpret the low-frequency behaviour 

as a consequence of in-plane transfer of protons, which enhances the electron 

transfer (redox) reaction. This eliminates the in-plane electron transfer resis- 

tance, and the overall circuit resistance appears to originate to a large degree 

from the transfer resistance of the electrode—membrane coupling (RO) and 

the proton translocation resistance. Diffusion does not play a significant role, 

as no diffusion element is necessary to fit the data. The in-plane conduc- 

tion mechanism appears to be complex and will require further investigation 

before it can be fully understood and technologically utilized. 

This interpretation is in agreement with what we know about biochemical 

kinetics within ETCs in such membranes. Rate limiting steps are oxidation/re- 

duction of Q-lipids in protein pockets, rather than electron transfer within the 

Q-lipid layer.[100] In the absence of 06, two RC elements are sufficient to 

describe the data which approximate the bilayer resistance and capacitance 

and the interface between electrode and electrolyte. 

In contrast, the vertical resistances of the membranes measured against 

CE2 (which cannot short circuit with the WE via the membrane) at 650 mV 

indicate 200-800 kQ) vertical resistances (also Figure 4.3-2.3). This is typical 

for lipid bilayer membranes, indicating insulating properties in the verti- 

cal direction. This is in line with expectations from conducting polymers, 

where redox-centers with distances below 1 nm can contribute to current 

transduction.[110] For Q-membranes, the distance of redox centers in the ver- 

tical direction is around 8 nm given the typical height of a membrane. This 

limits vertical current flow, by the structural motive. Furthermore, the overall 

in-plane resistance of membranes consisting of DSPE only (control) is in the 

range of 50 MO) ( Figure 4.5). This resistance can largely be attributed to the 

conductivity of the hydration layer underneath the membrane. 

Using a typical bilayer height of 8 nm[111] and the electrode width L = 

5mm, as well as the electrode distance of 30 um, the overall resistance R - 

400 Q translates into a specific resistance of p=Ro-4 =5-10?[Q-m]. This 

is lower compared to e.g. non-doped silicon and comparable to germanium, 

GaAs. Conductive polymers are less conductive than the q-lipid containing 

bilayers presented here,[112], while enhanced PEDOT:PSS polymers are in 

the same range of conductivity while being roughly an order of magnitude 

thicker. [113] 

The observed conduction mechanism appears similar to charge diffusion in 

redox polymers, which involves an electron-hopping process from site to 
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site where transport of both electrons and charge-compensating counter-ions 

occurs simultaneously. The distance between adjacent redox sites is the key 

factor governing the efficiency of the electron-transfer processes in the film. 

The average area per molecule can be obtained from the Pressure/area curves 

seen in 4.2 and is 0.8 nm? for our deposition conditions. This corresponds 

to an average hopping distance between molecules of less than 1 nm and is 

in accordance with literature expectations for multistep hopping distances 

across redox-molecules. [110] 

Based on the impedance data, Figure 4.7 shows a schematic molecular 

interpretation of the current conduction. Essentially, electrons and protons 

simultaneously move in the plane along quinone, semi-quinone and hydroxy- 

quinone in self-assembling Q-lipid redox chains. Conceptually, this is likely 

similar to bacterial nano-wires,[114, 115] where the Fe?*—Fe?* redox-couple 

may transmit current. This may manifest itself in a pH gradient along the 

plane of the membrane, which should be investigated in future studies. 

Potential conduction mechanims 

Based on the impedance data shown in the main text,Figure 4.4 shows a 

schematic molecular interpretation of the suggested current conduction. As 

indicated in Figure 4.7a, the oxidized form (1) displayes partial positive charg- 

ing (1’). The oxidized form can accept electrons when a reduced molecule is 

in close vicinity, transforming (1’) into the reduced but deprotonated form (2). 

Protons hop with the electrons, yielding the stable reduced form (3). The re- 

duced form again can continue and establish a rolling cycle by further pushing 

electrons to an oxidized form (1) again. Conceptually, this is likely similar to 

bacterial nano-wires[114, 115] where the Fe?*—Fe?* couple transmits current. 
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Figure 4.7: a) Redox cycle of a para-quinone. b) Alignment of para-quinones 

can sustain a continous “rolling” redox cycle enables a directional and simul- 

taneous flow of electrons and protons (c.f. text for details). 

Figure 4.7 b shows that such a protonmotive cycle[116] can effectively 

couple through a chain of para-quinones that are anchored within a bilayer 

host membrane. The para configuration may allow maximal charge separa- 

tion of hoping protons, which could be the reason for the general occurrence 

of p-quinones within respiratory membranes. Q-lipids establish a transient 

wiring, i.e. wiring that can adapt to potential gradients in real time. E.g. 
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switching to negative 650 mV on the WE results in a similar but negative 

current (see also Figure 4.4 a, x(-1)/arrow). 

Membrane characterization 

We also tested the redox behaviour of dissolved Q-lipid (saturated solution) 

and compared it to literature (Figure 4.8). We observed an oxidation peak 

occurring around 0.3-0.4 V, which is in agreement with previous reports of Q- 

lipid redox behaviour[117], and as expected for quinone oxidation in general. 

As observed in literature, reduction occurred at -0.5V indicative of significant 

over potentials for the reduction.[102, 103, 117] This may be due to complex 

micelle formations in solution, and is not of interest for this work, where 2D 

in-plane characteristics are compared. 
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Figure 4.8: Cyclic Voltammetry ofasaturated 06 100 mM TRIS buffer solution. 

The oxidation and reduction peaks are equivalent with literature observations 

for Q-lipids, indicative of a non-reversible bulk electrochemistry, as expected 

for catechols and micellar systems. Above 0.6 V the initial surface oxidation 

wave of gold indicates surface hydroxide adsorption, as expected 
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Table 2: Fitted electrical data of a coenzyme Q6-modified tethered bilayer 
lipid membrane functionalised with valinomycin under various electrolytes. 
  

  

  

  

  

                

R (kQ) | Error (k) | C (uF) | Error (uF) 

Bilayer 183.6 19.7 1.7 0.1 

Bilayer after 1h 245.8 36.3 1.6 0.1 

Bilayer with valinomycin (vmic) | 161.2 22 1.9 0.1 

Bilayer (vmic) with KCl 5.6 0.4 3.4 0.2 

Bilayer (vmic) with NaCl 294.9 50.5 1.9 0.1 

4.3 Summary 

Insummary, fluid redox-activemembranes are good and reliable self-assembling 

conductors based on a proton/electron hoping mechanisms. They can be 

made highly robust by including polymerisable lipids or amphiphilic block 

copolymers. These materials could play an important role in future bioelec- 

tronic and sensing applications and as an interface between biological and 

electronic elements (i.e. implants, "smart skin” and human-machine inter- 

face technologies.). Deterioration of membrane conductivity pathways via 

loss of quinone activity could be a contributing factor in aging processes. 

[118] Furthermore, redox-active membranes/liposomes are a potential initial 

step towards constructing complex ETCs, given that Quinone-membranes 

are conceptually surprisingly similar across species barriers and symbioti- 

cally acquired in higher developed life forms,[119] with well conserved lipid 

compositions.[120] With more complex n-electrodes setups interdependent 

ETCs can be studied. One could exploit such membrane architectures and 

transient redox-wiring for making self-assembling “living” electronics. 
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5 Protein-Protein Interaction 

on Membranes 

5.1 Introduction 

Molecular-level understanding of specific interactions across proteins are 

highly demanded in fields such as immunology, bio-sensing and medicine 

development. Targeting the specific interaction forces between antibody- 

antigen, protein-protein and drug-receptor are central for not only funda- 

mental biochemical process characterization but also designing more efficient 

and target-specific medicines.[121] However, the high structural complexity 

of living tissue surfaces are often an obstacle in understanding the cell-to- 

cell specific interaction on a molecular level. Molecular understanding is 

also hindered by poor reproducibility and cross-interference by other surface 

presenting units. 

Specific interaction of Cluster of Differentiation 4 (CD4) to class II Ma- 

jor Histocompatibility Complex (MHCII) is a controversial example, where 

it was characterized as a highly specific interacting pair in 1980s,[122] but 

recently reported as weak affinity pair. [123, 124] So far intercepting direct 

interaction forces between proteins on molecular level presented as an obsta- 

cle and therefore the exact binding process and properties between MHC(II) 

and CD4 has eluded further investigation. As shown in Figure 5.1 a)-b), 

debris (antigens) of the external threats such as viruses or bacteria are pre- 

senting on MHC(T) on the surface of Antigen Presenting Cells (APC) for T cell 

recognition, which can trigger further long-term immune reactions. CD4 as a 

co-receptor takes a position that is believed to reinforce the bonding between 

T cell receptor (TCR) and MHC) for antigen recognition. [125] It has also 

been proposed that CD&4 is one of the proteins that gives access to HIV to enter 

the T cell.[126, 127] Therefore, precisely and quantitatively characterizing the 

affinity of CD4 to MHC{T) is central for clearing its role in antigen recognition 

as well as HIV infection process. 

Quantitative characterization of binding strength/energy between func- 

tional groups has been well described by Raman et. al. by using a conven- 

tional surface force apparatus (SFA).[84] The yield adhesion force between 

two apposing functionalized surfaces can provide interaction energy per in- 

teracting molecular pair, giving a physical scaling of bond strength. However, 

due to the instrumental limitation, symmetrical membrane-membrane inter- 

action was not yet possible since in a conventional SFA set up one surface 

must be mica, which is not an ideal surface for functionalization due to its 

chemically inert properties. 
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5.2 Results 

In overcoming that limitation, we have recently overcome the instrument 

limit by constructing a symmetric interferometer, also known as three-layer 

interferometer, [128] where we can symmetrically immobilize stable tethered 

lipid bilayer membrane (tLBM) on gold substrate as shown in Figure 5.1c). By 

anchoring CD4 and MHC units on opposing tLBMs, respectively, we are able 

to quantitatively measure the adhesion force of the CD4-MHC interacting 

pair.     

  

sSFA Setup 
2 A 

d) AFM Setup 

- 
DOPC Gold 

DPhyTL 

    
Figure 5.1: a)-b) Role of MHC(TM) and CD4 complex in T-cell/Antigen Pre- 

senting Cell recognition (APC). ) Model of symmetric tethered lipid bilayer 

membrane system with anchored MHC(I) and CD4 for SFA. d) Model of 

AFM system for single molecule measurements. 

In this research, we utilize tBLMs by using a SAM approach combined 

with a Langmuir-Blodgett Trough deposition (LBT) for the outer layer to be 

able to control the number density of the proteins that are immobilized on 

the membrane. As shown in Figure 5.1, DPhyTL and DOPC (with 1.5 % of 

DGS-NTA) are used as inner and outer layer, respectively, where DPhyTL is 

covalently immobilized on gold substrate through thiol-gold interaction to 

increase the tLBM stability. The DOPC/DGS-NTA layer is added on top ofthe 

DPhyTL layer by using LBT, where the 1.5 % DGS-NTA is used to immobilize 

MHC and CD% in the following step. 
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Figure 5.2: a)Force-Distance (F-D) measurement of MHC(II) and CD4 modi- 

fied surfaces showing adhesive jump-in characteristics when the two proteins 

bind to each other. b) Force-Distance (F-D) measurement of MHC(I) and CD4 

modified surfaces showing no adhesive jump-in characteristics and no signif- 

icant PP. 
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Figure 5.3: a) sm-AFM breaking force vs. loading rate. a steep increase of 

breaking force can be seen with faster loading rates, indicating a catch-bond 

protein binding. b) binding force vs separation speed. the increase in binding 

strength is due to higher signal-to-noise ratio with faster speeds, making it 

impossible to detect small binding events, this in turn artificially increasing 

the average binding strength. 
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Figure 5.4: a) Force-time curves showing the separation forces after applying 

different pressures. b) maximum binding strength of a) area normalised. 

The higher applied pressures lead to bigger contact areas, being the main 

contributor to the increased binding strength. 

5.2.1 Direct adhesion measurement 

MHC(II)-CD#4 affinity is directly measured by approaching the two opposing 

tBLMs immobilized with CD4 and MHC(II) protein, respectively, to trigger in- 

teraction. Then, the surfaces are separated. Figure 5.2a) shows the measured 

force-distance (F-D) profile of MHC(II)-CD3&4 interaction, where the black and 

red circles show the approach and separation process, respectively. An adhe- 

sive jump-in (from Ds of ca. 30 nm to 23 nm) during the approach (indicated 

by black arrow) can be observed where 23 nm distance represents the layer- 

assay of DPhyTL, outer leaflet, consisting of DOPC and NTA-DGS, as well 

as the respective protein on top. The slight decrease of separation distance 

during the compression after jump in is due to squishing of the PEG chain 

in the tether as well as protein compression. In the separation process, an 

adhesion minimum of -60.4 + 0.6 mN/m can be observed. A long distance 

stretching feature before the jump out event, indicated by red arrow, can be 

attributed to the stretching of the previously compressed tBLM layer. 

MHC() modified tLBM, which is well-known to have very low affinity 

with CD4 protein]|], is used as a control measurements with result shown in 

Figure 5.2b). No adhesion can be observed, meaning that the forces measured 

in the CD4-MHC(N) experiments are indeed due to protein binding. 

To quantify the interaction energy of MHC(I)-CD4 pair we applied a 

simple Derjaguin-Müller-Ioporov model (DMT) [129]: 

Faan = 2mRe s Waan (3) 

where F,4, is the measured adhesion force, R,rr is the effective radius of 

the used cylindrical disks and W,4, is the work of adhesion. Given the R,yr 

is 0.02 m, the molar ratio of DSG-NTA/DOPC is 1.5 % and the LBT measured 
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lipid density at surface tension of 20 mN/m is 97.2 + 0.75 Ä?/molecule, in- 

teraction energy per molecular pair yields 151.56 + 1.65 kgT. Even Using a 

different contact model like the Johnson-Kendall-Roberts Model (JKR) where 

in contrast to the DM’I model, only attractive forces from the confined contact 

area are considered, an interaction energy of 78.83 kgT can be calculated. 

Those values are unexpectedly high, putting the DMT value in the same 

range as aC-C bond. JKR model results are still not agreeing with literature, 

so further experiments using single-molecule AFM experiments were per- 

formed. 5.3 shows sm-AFM measurements. Figure 5.3a shows the average 

adhesion force depending on the loading rate. As can be seen, a quick, non- 

equilibrium separation causes for a stronger overall adhesion force, rapidly 

increasing with separation force. The integration over distance of the sm- 

AFM Force Run allows for the calculation of the binding energy. Energy 

values are spread along a distribution as can be seen in the inset of 5.3b. The 

direct, averaged binding energy for the lower speed measurements are 45 

+30kzT, being in general agreement with the JKR model results. While the 

average binding energy is still not in agreement with literature results, it is 

imperative to apply the Jarzynski equality (JE) to get a reliable result for the 

average binding energy: 

Applying JE, we get Figure 5.3.b, resulting in an average binding energy of 

7,82 +0,13ksT for a separation speed of 25 nm/s instead of the aforementioned 

value of 45 kT. This value now is in agreement with previous publications, 

suggesting a medium strong binding affinity for CD4 and MHC(II). 

Lastly, acorrection to our model membrane system needs tobe undertaken 

in order to better mimick in vivo conditions. A crucial parameter that is miss- 

ing from the model membrane is the abundant protein complexity present 

on cells. Crucially, glycocalyx proteins in various lengths, a exoskeleton, the 

LCK-delivery as well as other key-lock mechanisms are not present. Eventu- 

ally, CD45RABC was chosen to improve the model membrane system. 'The 

isomer CD45RABC has been extensively studied and used and is furthermore 

considerably longer than the CD4-MHC{I) complex itself. This means that 

in the SFA measurement, a potential barrier in the form of compression needs 

to be surmounted for the proteins to be able to interact. Hence, the protein 

immobilization protocol was adopted to have a 1:11 w CD4:CD45 ratio during 

incubation. As can be seen in Figure 5.4a, considerably lower adhesion force 

is observed. Figure 5.4b shows that the adhesion force is related to the area: 

Stronger compression pressure leads to bigger contact area, leading to higher 

adhesion. The new adhesion value are 10,8 for the DMT value and 5,8 for 

JKR, respectively. 

While the protein distribution between CD45 and CD4 is not known, sm- 

AFM shows a comparable binding probability if some pressure is applied. 

Given a small pressure, no binding at all can be observed, similar to SFA 
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results shown in turquoise color in Figure 5.4a. 

5.3 Conclusion 

In summary, we present a novel approach for protein-protein interaction 

probing by introducing a three-layer interferometer to symmetrically and 

quantitatively measure the interaction energy between protein pairs, specif- 

ically CD4 and MHC(II). While our direct measurements show an unlikely 

strong binding interaction that doesn’t correspond with previous finding, we 

then furthermore confirmed high specific adhesion in sm-AFM that yields a 

low binding affinity if Jarzynski’s Equality is applied, resulting in an average 

binding strength of 8k5T Being able to quantitatively measure the interaction 

energy in molecular level of a physiologic system providing a new perspec- 

tive to re-scale the biomolecular interaction scheme. Particularly in field of 

medicine development, measurable and quantifiable physical quantity pro- 

vide more information to tailor drug interaction with physiology receptors 

that improves drug specificity and efficiency. 
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6 Real-time visualisation of 
ion exchange in molecularly 
confined spaces where elec- 
tric double layers overlap 

The following chapter is based on the article that appeared under the 

same title in the journal Faraday Discussions (see [130]), reproduced under 

the corresponding copyright agreement. To the best of our knowledge, the 

ability to see ion migration in nano-gaps in real-time has not been shown 

before. As stated in the author contributions section, my work was limited to 

the experimental measurements and analysis. The other aspects of the paper, 

including the simulations conducted by Florian Altmann, Alper Celebi and 

Martin Schussek as well as AFM measurements conducted by Matteo Olgiati, 

are included for completeness and to give context and simulation validation 

of the data. 

6.1 Introduction 

Charge regulation within molecularly confined gaps and pores, where electric 

double layers (EDLs) overlap, is of high importance for the control of many 

different processes, functions and conduction mechanisms for a wide range 

of technologically relevant phenomena. Examples are: chloride migration 

into nm-sized corroding cracks accelerates corrosion, leading to stress cor- 

rosion cracking of steel tubes within days;[131] ionic conductance through 

charged sub 2nm-thin channels of Nafion membranes determines the effi- 

ciency of electrochemical energy conversion devices such as fuel cells and 

electrolysers;[132, 133] in nano-fluidic systems flow is driven through chan- 

nels with overlapping double layers.[134] For instance, for ion-controlled de- 

vices (iontronics) confining walls with variable surface charge may be used to 

tune electrically-induced flows in extremely thin nano-fluidic devices, where 

the EDLs are highly overlapped.[135] These devices may enable new ap- 

plications in selective ion-filtration, lab-on-a-chip applications, and water 

purification to name just a few examples. 
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Figure 6.1: General schematic of the measured effect and measuring prin- 

ciple. a) Schematic of the SFA measurement setup in an electrochemistry 

configuration. b) Interference pattern (Newton’s rings) using white light. 

The diameter of the contact (D},) is indicated. c) Measured FECO of a contact 

with the diameter D}.. Different lines are highlighted to exemplify the spatial 

analysis method used. d) Analysis of different FECO lines. A slight shift 

of wavelength, which translates to a shift in distance, can be observed. The 

fitted lines were obtained using the SFA explorer software.[136] e) Schematic 

of ion transport in a confined gap. The reversal of polarisation of the gold 

surface, from a positive to a negative potential attracts the cations, resulting in 

a change of gap thickness. f) Reversing the polarisation to positive potentials 

expels the cations, resulting in a decrease in gap thickness. 

Sub 10nm confinement effects are also central for energy conversion de- 

vices (e.g. fuel cells, batteries and electrocatalysts), considering that nano- 

structured materials are being designed for increasing energy densities, ac- 

tive areas and efficiencies.[137-139] However, nano-structuring can signif- 

icantly alter charge/mass transport mechanisms.[140, 141] Ion-to-pore size 

ratios[142, 143] and ion-surface interactions under polarisation[144-146] play 

a key role during nano-pore charging processes that occur in those devices. 

Also in nano-fluidics and in geological dissolution processes, fluid-filled 

nano-channel geometries substantially alter ion diffusion (concentration gra- 

dient driven) and ion migration (field gradient driven), by altering the appar- 

ent diffusion coefficient of ionic species.[147-150] Theoretical considerations 

of hindrance factors for diffusivity in porous media[151] date back to the 

seminal work of Renkin.[152] He suggested a modification to the diffusion 

coefficient of a species as a function of the pore radius based on Faxen’s 

law.[153] Furthermore, charge exchange within porous metal electrodes can 

be well described by the transmission line model,[154-157] which describes 

experimentally observed charging dynamics of microporous electrodes well. 

Generally, data at the microporous scale (pore diameters below 1 um) suggest 
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that spatial confinement slows down ion exchange processes, with non-linear 

dynamics. In microporous systems, the thickness of the electric double layer, 

where recharging occurs, is often considered insignificant in comparison to 

the total pore volume of a system, although surface conduction may play an 

important role as well.[155] As such, altered diffusion and migration path- 

ways are decisive for charging kinetics of microscale confined electric double 

layers. However, for nanoscale confinement well below 10 nm, the structure 

of overlapping electric double layers essentially controls the charge regula- 

tion and ion transport. For instance, experimental data on diffusion through 

carbon nanotubes showed unexpectedly fast diffusion of diffusing species 

with high selectivity,[158-160] when confining walls are in the range of the 

ionic diameter. 

A molecularly-resolved visualisation of ion migration kinetics in sub 

nano-meter confinement, so far, has been reconstructed from simulation 

studies,[161] indicating a decisive effect of ion-surface interactions.[162, 163] 

A direct experimental verification of theoretical approaches by experimental 

real-time visualisation of ion exchange in a single and idealised model pore 

at nanoscale, has not been achieved to date. However, experimental mea- 

surements of ion exchange processes in nano-cavities, where EDLs overlap, 

are essential to progress our understanding of charge regulation in nanoscale 

ion-controlled processes. In this direction, electrochemical potential shifts, 

applied to walls of a nano-confined (20-500. nm) slit in the interferometry- 

based Surface Forces Apparatus (SFA) technique, drive recurring changes 

both in slit separation and in the measured interaction forces.[164, 165] In an 

SFA experiment distance changes are analysed by measuring the wavelength 

shift of fringes of equal chromatic order (FECO) by white light interferometry 

in an optical cavity that forms the nano-confined slit geometry.[166] Distance 

changes (AD) directly correlate with transient forces F=kAD, and thereby re- 

late to the ongoing charge regulation inside an electrochemically modulated 

slit.[167] Data indicated that charge regulation occurred in line with predic- 

tions of the transmission line model[155-157] for slit geometries of 20nm or 

larger. 

Here, we use a similar approach with a modified Surface Forces Appara- 

tus, enabling simultaneous real-time force and distance sensing,[9] to resolve 

the ion exchange kinetics in a molecularly confined slit. As shown in Figure 

6.1a, the slit is formed between two cross-cylindrical disks, with well con- 

trolled separation distances between the two confining walls with a the gap 

distance (D) in the range of 2-3nm. The setup schematic and principles of 

FECO analysis are shown in Figure 6.1a-c. A charge reversal of the gold sur- 

face manipulates D between the two apposing surfaces, resulting in a change 

of D due to charge regulation. This change can be observed in real-time over 

an established confined area with diameter D\, as indicated in Figure 6.1b. 
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In detail, the contact area forms a circular slit pore with the FECO flattened 

(panel c), which can then be analysed line-by-line overtheimaged wavelength 

spectrum using a multiple matrix approach[136, 168] (panel d), allowing for a 

radial/spatial resolution of gap distance changes during ion-exchange. This, 

if using a fast enough capture frequency (200 Hz in this work), allows for a 

time-resolved observation of gap size changes in 3D, during an active charge 

regulation (in a 70 mM LiClO,) electrolyte) as indicated in Figure 6.1e and f. 

We will also make comparisons of the ion distributions within the con- 

finement obtained from atomic force microscopy (AFM), molecular dynamics 

(MD) simulations, and a continuum model combining the Poisson-Boltzmann 

(PB) equation for the diffuse layer with a capacitor model for the Stern layer 

at the surfaces. The latter allows the calculation of the force between the mica 

and gold surface due to overlapping EDLs, depending on the applied electric 

potential and gap distance D. The predictions are further compared with SFA 

force and distance data. This will allow us to show how comprehensively the 

combination of complementary techniques can be applied to understand the 

ion transport kinetics in a nano-confined slit pore. 

6.2 Materials and methods 

6.2.1 Materials 

Allreagents were of analytical grade and used as received without further pu- 

rification. Chloroform (99.9 %, Sigma Aldrich), HPLC-grade ethanol (VWR) 

and LiClO, (Sigma Aldrich) were used as supplied. Water was purified with 

a Milli-Q System (Merck). High-purity gold and silver (99.99 %, Goodfel- 

low) were used for PVD/sputtering processes. Muscovite mica layers (optical 

grade V1, S&J Trading Company, USA) were manually cleaved to uniform 

thicknesses ranging from 4-5 um. 

6.2.2 Surface Forces Apparatus (SFA) 

Surface preparation The in situ sensing SFA setup was prepared as previ- 

ously described.[9] Briefly, the optical grade mica was freshly cleaved and 

a 35nm thick silver layer was evaporated on the mica. 'The back-silvered 

mica was then glued on cylindrical (R = 1cm) quartz discs using UV cured 

optical adhesive (NOA 81, Norland Products Inc.). To prepare the gold sur- 

face, gold with a thickness of 35 nm was slowly evaporated in a PVD onto 

freshly cleaved mica at 2% 10° mbar, ensuring a smooth gold surface. The 

gold surface was then glued onto an SFA disc using epoxy glue (EPO-TEK 

37780Z) and cured overnight at 60°C. The next day, the SFA surfaces were 

submerged in pure ethanol before the mica was template stripped from the 

gold surface. Both the back-silvered mica disc and the gold covered disc were 

50



then mounted in an in situ sensing SFA cell previously described.[9] 

Electrochemical setup A thin gold wire was mechanically attached to the 

gold disc using a PEEK clamp and a plastic screw. This ensures an electric con- 

tact for applying potentials. Furthermore, a platinum counter electrode (CE) 

and platinum pseudo reference electrode (RE) each with an area of roughly 

6 cm? were mounted within the SFA cell. A Pt wire was used to connect RE 

and CE to a PalmSens4 potentiostat (PalmSens), as shown in Figure 6.1a. The 

PalmSens4 was used for all electrochemical measurements, including ref- 

erence measurements (CVs) as well as chronoamperometric measurements 

(CA). All potentials were experimentally referenced to a Pt pseudo reference, 

and were then converted to the standard hydrogen electrode (SHE) using the 

gold oxidation peak from a cyclic voltammogram, recorded at the end of each 

experiment, as a reference. 

SFA experiment Anaqueous solution of 70 mM LiClO, was prepared. After 

filling the SFA cell with the solution, a 30 minute incubation period ensured 

thermal equilibration. The discs were then put into a soft contact (0.2mN) 

to define a confined gap of around 2-2.5nm, which was maintained due to 

repulsive double layer and hydration forces. A step potential change from 

—0.3V to 0.3V vs pseudo Pt and vice versa was then repeatedly applied. 

Effects on the FECO and hence distance changes were recorded via the Andor 

Solis software using a spectrograph (500 mm focal length, Andor, Oxford 

Instruments) and camera (Zyla, Andor, Oxford Instruments) in a high-speed 

framerate configuration. This, in combination with opening the measurement 

slit of the spectrometer and using a strong white light source, allows the 

measurement of up to 200-1000fps. This affects the signal-to-noise-ratio, 

but still allows the collection of data that can be reliably analysed with a 

spatial resolution of 450nm, and a distance resolution of 1Ä. Given that 

a typical experimental contact radius (Rıotaı) is roughly 3040 um, between 

65 to 75 single lines are present in the contact area and therefore can be 

analysed. Hence, it allows the observation of an ion migration wave into a 

charge regulating slit pore with high spatial and temporalresolution. The SFA 

Explorer software package[136] was used to analyse each single line using the 

multiple matrix method.[168] 

6.2.3 High resolution AFM 

Highly-resolved topographies of muscovite mica were obtained using aCypher 

ES AFM (Asylum Research, Oxford Instruments), using high-frequency gold- 

coated arrow headed cantilevers (Arrow UHF-AuD, NanoWorld). The can- 

tilevers were photo-thermally excited in amplitude modulation (amplitude 
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3-5A, tapping frequency ~ 600kHz). Mica was freshly cleaved before each 

measurement and its surface was imaged while exposed to solutions contain- 

ing LiNO; at 10 and 200mM. The collected data were also re-processed by 

applying a low-pass filter that removes high-frequency noise (i.e. above 1/5 

of the Nyquist frequency). 

6.2.4 Molecular dynamics simulations 

MD simulations were carried out on a three-dimensional model consisting 

of a LiClO4 solution confined between a mica and a gold surface. The mica 

crystal structure (KAlSi3AlO10(OH)2) was constructed using X-ray diffrac- 

tion data,[169] and the surface was comprised of 32 unit cells (8x4). For each 

tetrahedral sheet, Al atoms were replaced with one of the four Si atoms. This 

isomorphic substitutions were applied regularly on the mica structure, and 

resulted in a negative surface charge. In accordance with Löwenstein’s avoid- 

ance rule,[170] the substitutions do not occur in neighbouring tetrahedra. The 

gold surface (6 atomic layers) was constructed using an FCC lattice with a lat- 

tice constant of 4.0783 Ä. The dimensions of the simulation system in lateral 

directions are 4.2nm and 3.6nm, and the separation distance in z-direction 

is 6.0nm. This distance is large enough to obtain a bulk liquid density in 

the channel centre. The bulk water density was maintained at 997 kg/m? for 

298.15 K temperature. The bulk ionic concentration of LiClO4 was fixed at 

500mM. Such high concentrations are usually necessary in MD simulations 

for the sake of better statistics and reduced computational costs. To mimic an 

externally applied potential on a gold surface, partial electric charges were 

equally assigned on the gold atoms of the firstthreelayers. In our simulations, 

mica has a constant surface charge density of -0.33 C/m?, while the gold sur- 

face charge density was defined as 0 and -0.06C/m?. Electrical neutrality 

hereby was maintained by an excess of counterions. 

Atomic interactions were described using Lennard-Jones (LJ) and Coulom- 

bic potentials. We used general force fields such as the SPC/E model for wa- 

ter molecules, [171] CLAYFF for the mica surface,[172] OPLS-AA model for 

perchloride;[173], Heinz model[174] for gold, and the Joung and Cheatham 

model for lithium ions.[175] The short range LJ and Coulombic potentials 

were truncated within a distance of 11Ä. The long-range electrostatic forces 

were handled using the particle-particle-particle-mesh (PPPM) method with 

a root mean accuracy of 10°°.[176] The interactions between dissimilar atoms 

were calculated using the Lorentz-Bertholot mixing rule. Mica and gold slabs 

were constrained at their original positions, so that they show a rigid wall 

behavior, while allremaining atomic species were allowed to move freely. For 

water molecules, bond lengths and angles were kept rigid using the SHAKE 

algorithm.[177] 
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All simulations were performed using the Large-Scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS).[178] Periodic boundary conditions 

were applied in the lateral directions, while the domain was bound by channel 

walls in the z-direction. Electrostatic interactions in the reduced periodicity 

were computed using the slab modification method. In this method, the sys- 

tem is treated periodic in z-direction, inserting a large empty volume between 

atom slabs and removing dipole inter-slab interactions.[179] Initial velocities 

of water molecules and ions were randomly assigned using the Gaussian dis- 

tribution at 298.15K. The Nose-Hoover thermostat was used to maintain a 

constant temperature in a microcanonical (NVT) ensemble. The Verlet algo- 

rithm was set to integrate Newton’s equations of motion. Each simulation 

initially ran for 2ns with a 0.5 fs time step for thermal equilibration, and then 

ran for an additional 10Ons for data collection. The statistical averaging was 

determined from five independent simulations, each one started from dif- 

ferent initial conditions. For comparison with AFM images, we additionally 

performed MD simulations of a 200 mM LiNO; solution on mica surfaces in 

the absence of a gold wall. 

6.2.5 Numerical modelling 

EDL and disjoining forces The origin of the repulsive force between two 

charged surfaces immersed in a solvent containing electrolyte ions is entropic:[111] 

Counterions are forced away from each other and away from the electrostat- 

ically attracting surfaces in order to increase their configurational entropy. 

When two such surfaces are brought into close contact confinement is con- 

sequently forcing counterions back towards the surfaces, against their pre- 

ferred equilibrium state. The resulting force, the so-called “disjoining force”, 

therefore relates to the ion distribution between surfaces. The ion distribu- 

tion depends on the electric potential ı) between the two surfaces. Outside 

the Stern layer, along the confinement distance D (z-direction), d obeys the 

Poission-Boltzmann equation 

&y __F =——— ) vicoexpl- 
d? ee" Pl 

  en) @ Ry T 

where c;o is the bulk concentration of ion species i with valency v;. T de- 

notes the temperature, F. is the Faraday constant, and R, is the universal gas 

constant. eo and e, are the vacuum and relative electric permittivity of the 

solvent, respectively. 

The Stern layer, where ions are in close vicinity to the surface (i.e. specifi- 

cally adsorbed), adjacent to the negatively charged mica surface can be mod- 
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elled as a capacitor. Thus, the potential drop in this layer 5 is given by[111] 

ya (5) 
E06 

where o is the surface charge and e; the electric permittivity of the Stern 

layer. We assume here a value of e; = 40.[111] ö is the thickness of the Stern 

layer, which is set equal to the van der Waals (vdW) diameter of Li", ö = 

176pm.[180] We use o = -0.33Cm? as the surface charge density of mica 

in accordance with the crystallographically expected surface charge density, 

and the MD simulations. The resulting electric potential Yınica = Vapp,mica — Ws 

at the Stern-diffuse layer interface further serves as a Dirichlet boundary 

condition to solve the PB equation. This approach is called Stern model. 

Here, Yapp,mica = —0.2V is the potential applied to the mica surface, which is 

in line with expectations from Graheme’s equation at the experimental ionic 

strength.[111] The boundary condition for the potential at the gold surface 

is extracted from the literature.[181] The selection criteria of the simulation 

parameters will be further discussed in detail in Section 6.3. 

The non-linear ordinary differential equation is solved numerically on the 

z domain using the chebfun[182] package in Matlab®[183]. The concentration 

profile in the gap then follows from the potential distribution obtained from 

this Stern model 

  viFeYb(z) ) (6) 
ci(z) = cipexp| - i(z) = cip Pl R, T 

The pressure P(D), also termed the disjoining pressure or electric double 

layer interaction, between two surfaces that are brought into close contact of 

distance D is given by[111] 

P(D) = 2 miD)-) ae (7) 
1 1 

and simply reflects the excess osmotic pressure when the EDLs from the 

two surfaces overlap. Here, cm,(D) = c;(z = 0,D) and cm, i(%°) = ci(z = 0,0) are 

the ion concentrations at the midplane of the gap (z = 0) as calculated from 

equation (6) for the distance D and when infinitely far apart, respectively. If 

the distance D is increased, the EDL overlap decreases and thus the disjoining 

pressure P(D) gets smaller. For D — oo, the concentration in the midplane 

approaches the bulk value as the EDL overlap vanishes, cm, (D) — cjo. Asa 

result, P(D) approaches zero. 

  
EDL equilibriation The average ion concentration {; over the gap 

Vapp,gold 

distance D for a given potential Yzpp,gold applied to the gold surface can be 
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calculated with 

(_:i dz ’ (8) 
    

1 +D/2 

=D I ¢i(z) 
Vapp,gold D/2 

which is further used to model the equilibration of the EDL along the radial 

direction of the confinement after a charge reversal at the gold surface from 

+0.3V to —0.3 V as shown in Figure 6.3 and 6.4: We assume that the transport 

Vapp,gold 

of ions within the confinement is governed by a simple Fickian diffusion 

law (neglecting any migration effects) for a radially symmetric cylindrical 

or ror) 

where D; is the diffusion coefficient for speciesiin the confinement. For abulk 

confinement[184] 
d¢; 
E m. (9) 

liquid, the diffusion coefficient of a spherical particle can be approximated 

using the Stokes-Einstein relation[185] 

kgT 
6rına;” 
  Dipulk = (10) 

where kg denotes the Boltzmann constant, n is the solvent viscosity, and 

a; is the ion radius, which is set as the vdW radius.[180] The decrease of 

the diffusion coefficient in strong confinement is accounted for by using a 

correction term, given by[151] 

  D;(D) = Dipun|1 + ji in(5)| . (11) 

The ion transport equation (9) is solved numerically using a differentiation 

matrix approach.[186] Due to radial symmetry d&;/dr=0 must apply at r = 0. 

The average concentration for the case of a positively charged gold surface is 

set as the initial condition for the ion concentrations at each point along the 

&|,g3v- At the edge between the confinement 

and the bulk (r = R), the average concentration for a negatively charged gold 

radial direction, Z(t =0,r) = 

.oav is imposed as a Dirichlet boundary condition throughout the 

simulation. This enables us to investigate the system response in terms of 

surface Z; 

EDL equilibration due to diffusive ion transport directly after charge reversal 

from +0.3V to -0.3V: The rate of the equilibrated ion wave into the confined 

volume (d.,) can then be obtained by considering the time (teg) thatis required 

for the ion concentration to reach the respective boundary condition ö| gav 

everywhere in the confinement, as follows 

  Riotal 
Ueq = ken . (12) 
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6.3 Results and discussion 

For ion exchange experiments in nano-confinement we established a contact 

as seen in Figure 6.1, with a typical radius Riotaı of about 30-40 um defined 

in Figure 6.3, between gold and mica in a solution with an ionic strength of 

70 mM LiClO;, which corresponds to a Debye length (An) of 1.15 nm. In this 

work, we chose a perchlorate salt (LiClO,) as a model electrolyte for two rea- 

sons. Firstly, Li* ions show a low affinity to the wall surfaces.[187] This limits 

Stern layer effects, which we also confirm with high resolution imaging data 

using AFM and comparative MD simulations for mica. Secondly, perchlorate 

interacts only weakly with gold, limiting any specific interactions within the 

EDL. 

A constant force load was applied and recorded using a strain gauge, 

which creates a geometrically flat and round shaped slit pore, at a distance 

and hence electrolyte thicknesses of D of about 2-3nm between mica and an 

electrochemically modulated gold surface. At this distance, the interaction 

between the two apposing surfaces is highly repulsive due to the overlap of 

the electric double layers of the gold and the highly-charged mica surface. 
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Figure 6.2: a) Measurement of repeated cycles of charge reversal, from 

-300 mV to +300 mV as indicated, recorded in 70 mM LiClO, at a constant 

force and slit thickness of 2nm. b) Shows a zoom-in on the transient distance 

changes. The highlighted red area in a) around 70 seconds is enlarged in the 

inset shown in c). Gap distance change of around 2nm (which translates to a 

gap size change of around 100%) immediately caused by the charge reversal 

can be clearly seen. Furthermore, a slight increase of absolute gap size change 

in relation to the radial distance to the centre can also be seen. This is due 

to the cylindrical SFA discs and the distance from the initial contact (cf. text 

for details). c) Shows a close up on the observed distance overshoot upon 

switching from positive to negative potentials. 

g! 

Figure 6.2a shows atypical distance versus time profile during application 

of a step potential, from -0.3V to +0.3V. As illustrated in the schematic in 

Figure 6.3a and b, three lines are plotted, with their relative distance change, 
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one at the centre of the contact (black), one at the edge (green) and one in 

the middle between these two (red). Data shows a negative distance change 

upon stepping from a negative to a positive applied potential, and vice versa 

for the reverse potential step. Both shape and distance changes are highly 

reproducible over a large number of repetitions and different samples. The 

distance step at the edge of an established slit is slightly larger, by about 5 A, 

which likely relates to the lower pressure at the edge of a slit pore, and hence 

lower confining pressure (which is not entirely uniform over the established 

slit). As can be seen, the distance change appears during a time interval well 

below one second, highlighting the necessity for a high-speed measurement 
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Figure 6.3: More detailed explanation of observed phenomenon. a) Schemat- 

ics of the spatial resolution of the ion migration transport based on charge 

reversal of the gold interface. b) FECOs with highlighted lines used to observe 

the ion wave. c) Time-dependent distance measurement of ion wave process. 

The centre line (black) has a time delay in relation to the outer lines (green, 

red) in distance change due ion migration wave. This is observable due to 

the high-speed resolution of the spectrograph. d) Relation of Time delay of 

ion wave and spatial distance of FECO line to the centre. This curve allows 

to analyse iontronic speed in a confined gap. 
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Figure 6.4: a) Evaluation of the progressing charge regulation front versus 

spatial distance within the slit pore recorded in LiClO,. The linear fit suggests 

a progression speed of 135 # Anm/ms for this example. b) Change of force 

during a potential reversal from —0.3 V t0 0.3V. 

Figure 6.2b shows a close up of the distance change during potential 

stepping. The distance change occurs within 250-300 ms, which is the time 

that is required to equilibrate the overlapping EDL to the new potential by 

exchanging charge with the bulk reservoir. Interestingly, the positive step, 

and the negative step show different equilibration profiles of the distance 

with time. When stepping from negative to positive potential a continuous 

exponential drop of the distance occurs, which is in line with an equilibrated 

drop of local potential and ion expulsion. However, when stepping from 

the positive to the negative potential regime, a distinctive overshoot of the 

distance at At = 100-200 ms occurs, which equilibrates within 1-2 seconds. 

Regardless, a clear trend of time delay between different FECO lines, at the 

pore opening and at the centre of the contact (Rı =D), can be observed. Figure 

6.2c shows a time delay for the equilibration front of the charge regulation, 

when it moves into the centre of the circular slit pore. 

As schematically described in Figure 6.3a-c a local analysis of the distance 

change shows a clear delay for the EDL equilibration in the centre of the 

slit pore (cf. caption for details). We can track the time delay of the charge 

regulation front on any point of the curve. Here, we deliberately choose to 

track the overshot maximum, which is, to within 15 %, close to the fully equi- 

librated distance. As shown in Figure 6.3d this should allow us to closely 

track the progression of the equilibrated charge regulation front. Figure 6.4a 

shows that the tracked point of the charge migration wave transitions nearly 

linearly towards the centre (with an R? = 0.94). The slope of this linear re- 

gression suggests a motion of the equilibrated front with a velocity of 186 + 

63 um/s over independent experiments. The quite large error bar may relate 

to slightly different contact geometries over independent experiments as well 
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as the higher signal to noise ratio of the high frame rate readout. This may 

be improved with higher sensitivity detectors in future work. However, the 

measured velocity of the equilibrated front is in good agreement with the ion 

speed of vjon = 160 um/s obtained from the numerical model. 

5 | 

a) 
100 pm 

0   

    
Figure 6.5: AFM images of the ion distribution on the mica lattice at a) 

10 mM and b) 200 mM ionic concentrations, and c) MD simulations of the 

ion distribution on the hexagonal mica lattice. Turquoise balls refer to the 

adsorbed Li* ions on the surface. The inset shows four water molecules in 

the hydration shell of a single Li" ion. MD simulations were performed for 

200 mM bulk ionic concentration in the absence of a gold surface. 

Figure 6.4b shows the force response during a potential change in both 

directions. Clearly, the change of the disjoining force, see section 6.2.5, AF, 

which integrates over the entire contact geometry, occurs much more quickly 

compared to the observed charge regulation. This suggests that the electro- 

static force is balanced quickly, while ion migration and equilibration of the 

EDL in the confined area proceeds on a longer time scale. The change in force, 

AFeg is about 0.5mN/m or 2kPa, when the force is normalised by the contact 

area. The force change is similar in both directions of the step potential switch, 

and is related to the charge regulation of the non-confined area of the gold 

electrode. It is expected, and consistent with previous work,[164] that the 

recharging of the openly exposed gold (D > 20. nm) results in an electrostatic 
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force pulse. 

However, the distance overshoot observed during recharging from posi- 

tive to negative potentials in this nano-confined recharging experiment is not 

related to an electrostatic force due to the non-equilibrated double layer in the 

gap. Instead, these data suggest that charge regulation and potential change 

progress simultaneously into the confined zone between the two plates, i.e. 

the applied potential does not immediately apply to the confined area. 

With an aim to understand the charge regulation mechanism, it is now 

interesting to further rationalise the ion distribution and charge regulation 

in the confined nano-slit using both MD simulations as well as a continuum 

theory based on the Stern model of the EDL (see methods for details). It ap- 

pears necessary, (1) to understand the double layer structure of the confining 

surface, (2) to assess if the charge regulation of the gold surface influences the 

Stern layer structure of the EDL at the confining mica side, and (3) to compare 

experimental data to simulations of the overlapping EDL at varying poten- 

tial, to correlate experimental and predicted distance changes at the applied 

potentials. 

Figure 6.5a and b show high resolution AFM images of the mica surface at 

low and high ionic strengths. Both images show a very clear resolution of the 

mica lattice, which compares well to the expected structure simulated by MD 

simulations in Figure 6.5c. The data further show that Li" ions adsorb to the 

mica surface with an increasing coverage from 10 mM to 200 mM solutions. 

The Li* ions are clearly visible as round shaped structures that adsorb to 

the corners of the hexagonal mica lattice. However, even at 200 mM the 

lattice is not saturated with Li" ions, suggesting that the mica charge is not 

fully screened within the inner double layer. AFM images further suggest 

that Li” adsorbs on the surface at one of the tetrahedral oxygen sites of a 

hexagonal ring, presumably on top of a substitution site, where mica carries 

a localised negative charge. This adsorption position is also confirmed in 

MD simulations, shown in Figure 6.5c. In MD simulations Li" ions interact 

strongly with the oxygen atom of the hexagonal surface structure. Li* ions 

retain 4 inner hydration shell waters, which is in line with the observed 

4-5 waters that can be accommodated in the first hydration shell.[188] At 

the surface the 5th position is saturated by the surface oxygen, suggesting a 

specific adsorption in the inner double layer, with a weak acceptor site. 

The ion concentration profiles in Figure 6.6a and 6.6b further show that 

Li* ions exhibit a significant layering within the first 1-2 Ä of the surface, 

characterising the Stern layer thickness, which is close to the vdW radius of 

lithium. MD simulations clearly indicate that the total amount of Li” ions in 

the Stern layer, however, cannot compensate the full surface charge of mica. 

Within the MD cell about 5-10 % of the total surface charge remains uncom- 

pensated at simulated bulk ionic strengths up to 500mM. As such, at lower 
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experimental concentrations, a significant amount of surface charging will be 

screened in the diffuse double layer that will extend with its plane of origin 

beyond the strongly adsorbed inner layer. Similarly, AFM images show that 

the Li* population in the inner double layer depends on the bulk concen- 

tration, showing higher Li* adsorption at higher concentration. However, 

no charge compensation, as seen for freshly cleaved mica in vacuum,[189] is 

visible even at 200 mM bulk concentration. 

There is a similar picture for the ion distributions at the gold surface. The 

strongly structured inner EDL of gold also extends over a few Ä, with the 

remaining charge screened in the diffuse double layer. Figure 6.6a and 6.6b 

shows that changing the gold potential controls the ion distribution near the 

gold surface, whereas it does not significantly influence the amount of Li* 

ions screened on mica. As the surface charge density of gold increases from 0 

to -0.06 C/m?, the Li* ion concentration of the first peaks stays the same for 

both surface charge values. At o=-0.06 C/m?, we see that the second peak 

of the Li” concentration at the mica surface corresponds to only one Li" ion 

difference, compared to the case of o=0. The change in the second peak is 

therefore not statistically significant. Contrastingly, the Li* concentration near 

the gold surface increases 2.2 times. Additionally, we see a significant layering 

of ClO4” ions near the gold for both neutral and negatively charged cases, 

but this is not the case for mica. This can be attributed to the strong repulsion 

forces induced by negatively charged mica, making ClO,  ions get closer to 

the gold surface and interact weakly with the gold atoms and adsorbed Li” 

ions there. 'These results clearly indicate that the charge regulation occurs 

near the gold surface due to the exchange of ions when an electric potential 

is applied. 

As seen in Figure 6.6a and 6.6b, for D=6nm, ion concentrations from both 

MD simulations and the Stern model converge to the bulk ionic concentration 

within 1.5nm from both surfaces. This indicates that the EDLs overlap for 

the experimentally established distance of D=2nm, which can further be 

observed from the Stern model predictions of ion concentrations in Figure 

6.6c: The number of co- and counter ions at the confinement midplane do not 

match their respective bulk concentration of 500 mM for both —0.3 and +0.3V. 

Asaresult, a disjoining pressure, given in eg. (7), is established. 

Figure 6.6c further shows that the charge regulation for overlapping EDLs 

mainly occurs on the gold surface and is driven by the (diffusive) exchange 

of ions: More Li* ions are present in the confinement for an applied potential 

of -0.3V compared to the +0.3V case. When the gold surface potential is 

stepped from —0.3V to +0.3V cations are expelled from the confinement to 

be replaced by anions, predominantly on the gold side. Contrastingly, the 

mica side is only weakly affected. Given the MD simulation data, and the 

experimental Debye length of 1.15 nm at the experimental concentration of 
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70mM LiClO,, application of a Stern model to fit the ion exchange appears 

justified. A typical limit for application of continuum models is that the 

experimental distance is greater than the Debye length, which applies to the 

experimentally set and varying distances. 

The PB equation does not capture the finite ion size and ion correlation 

effects[190? ] and therefore fails to accurately predict concentration profiles 

obtained in MD simulations. By modelling the Stern layer as a capacitor,[111] 

we include the finite vdW diameter of the counter ions in eq. (5). Therefore 

a more accurate description of ion distributions, close to the surface, and in 

the midplane, is obtained. With this model, the potential drop in the Stern 

layer is linear and provides a boundary condition for the PB equation that 

describes the diffuse part of the EDL. The ion concentrations obtained from 

this Stern model are then used to calculate the disjoining pressure given in 

eq. (7). 
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Figure 6.6: Comparison of ion distributions at the mica and gold surfaces 

from MD simulations and PB equation for a) neutral and b) negative charging 

of —0.06 C/m? for the gold surface. Here, MD simulations and numerical 

calculations were performed at 6 nm gap thickness with an equilibrated bulk 

concentration of 500mM. Such high concentrations are typical in MD sim- 

ulations for better statistics and reduced computational cost. c) Potential 

dependent ion concentration profiles for anions and cations, using the nu- 

merical solution of the Stern model, at a distance of 2nm. Integration of the 

electrochemical potential dependent differences of the ion concentrations in 

the gap provides a measure for concentration changes during charge regula- 

tion. 

Figure 6.7a shows force versus distance profiles for overlapping EDLs 

calculated with eq. (7). A number of aspects of the model parameter choices 

need to be clarified. First, (1) in the applied model, the Stern layer thickness 

is modelled with the vdW radius of 176pm of the Li* ions. This is in line 

with the MD simulations of the inner double layer structure at6nm, shown in 

Figure 6.6 above. The simulated inner double layer structure extends about 
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Figure 6.7: a) Theoretical disjoining force profiles calculated from the Stern 

model. The small inset shows how two equilibrated force profiles, at set ap- 

plied surface potentials of gold, can be utilised to extract expected force and 

distance changes under constant applied external load. b) Comparison of 

predicted and experimentally measured gap thickness changes upon appli- 

cation of a step profile with linearly increasing (50 mV) potentials. The inset 

shows the experimental data, indicating an increasing expulsion of ions from 

the gap, with progressively larger applied voltage steps. 

Second, (2) the mica potential is modelled at a constant charge in the Stern 

layer, which results in a potential drop of 164mV across this layer. This is 

consistent with the molecularly resolved understanding of the mica interface, 

that can be derived from high resolution AFM imaging. In addition, the 

observed structure compares well with MD simulations of the ions in the 

inner double layer, both under confinement and non-confinement conditions. 

As such, the confining mica side appears as a charged but mostly unaffected 

wall, during experimentally enforced charge regulation. 

Third, (3) the choice of the model for the charge evolution within the inner 

double layer at the gold side must be justified. Here, it is worth noting again 

that, in MD simulations the gold side appears to also exchange most of its 

charge within the inner EDL, while only a small fraction of the applied sur- 

face potential decays over the outer, diffuse EDL structuring of counter ions. 

Therefore, we selected the choice of the inner double layer charging based 

on the expected dependency of the potential drop over the outer double 

layer. Subsequently, we extracted data from experimental force versus dis- 

tance analysis from literature, [181] and fitted the dependency of the diffuse 
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layer potential and the applied potential. This relationship is almost linear 

over applied potentials from —700 to 100 mV with respect to the potential of 

zero charge. The resulting potential drops in the outer EDL for the range of 

+300mV in applied potentials lie then between —22 and 17 mV. 

Fourth, (4) it should be noted that we estimate the total disjoining force 

only from the EDL repulsion, eq. (7), while vdW interactions as well as inner 

double layer force repulsion are currently neglected. This is justified by the 

fact that we measure the charge regulation at distances where the latter two 

contributions are small, compared to the EDL repulsion for distances above 

1-2 nm. This is in line with previous data from force versus distance analysis 

as a function of the applied potential.[181, 187, 191-193] 

Finally, the experimentally well characterised potential of zero charge for 

gold must be set for the modelling of the force distance profiles. In this 

work, we utilise a Pt pseudo reference electrode. Based on comparing the 

experimental pseudo reference with cyclic voltametry during the course of 

an experiment, we can reference the electrode back to the SHE, using the 

experimentally observed gold oxidation peak. As such, our experimental 

zero is close to the SHE, with estimated error of less than 50 mV. Hence, we 

expect the potential of zero charge at about 150-200 mV[194] for a LiClO, 

solution, with respect to the Pt pseudo reference. 

With these assumptions clarified, we can now proceed to compare ex- 

perimental and theoretical analysis of the charge regulation process. In the 

inset in Figure 6.7a, a semi-log plot of the force versus distance profile shows 

the expected near exponential increase of force as a function of the distance 

(gap thickness) D. Asindicated we can utilise these equilibrium force profiles 

to extract both the expected distance change, as well as the expected force 

change, after charge regulation when equilibrium is again reestablished fully. 

In Figure 6.7b we show the evolution of the expected distance change as a 

function of the applied potential. We further compare this to experimen- 

tally obtained distance variations as a function of potential. The inset in 6.7b 

shows an experimental data set, where the potential step is increased linearly 

by 50 mV, with a starting potential of -300 mV. The distance changes are then 

compared to the theoretically expected ones, based on the Stern model for the 

confinement and eg. (7) for the disjoining pressure due to overlapping EDLs. 

These data fitthe expected theoretical trend very well. This is one central find- 

ing of this work. Indeed, a continuum-based Stern model - with inner and 

outer EDL - can explain equilibrium distances upon experimentally induced 

charge regulation very well, even at high confinement of the apposing EDLs 

of the confining walls. In addition, the predicted change in the disjoining 

force AF of the EDL, due to the distance and potential shift, when derived 

from the theoretically predicted force distance profile, is in the uN range. This 

is in good agreement with the experimentally observed force change, shown 

65



in Figure 6.4b. Deviations are likely due to the simplified treatment neglecting 

vdW as well as inner double layer repulsion, which should mildly modify the 

simulated force profile at D > 1-2nm.[111, 195] 

We finally rationalise the experimentally measured velocity of the equi- 

librating ion concentration front of 190 um/s by modelling the ion transport 

into the gap after the gold potential is switched. Here, Fick’s law of diffusion 

for a radially symmetric cylindrical system, eq. (9), is used. The diffusion 

coefficient is modified with eq. (11) to account for hindrance effects in the 

nano-confinement. The averaged ion concentrations for the electric poten- 

tials before and after the switch, eg. (8), serve as the initial condition in the 

gap and boundary condition at the edge, respectively. Then, the velocity of 

the equilibrating ion concentration front into a cylindrical slit pore of radius 

Rtotal = 32 um is obtained from the time it takes for the concentration to reach 

the imposed boundary condition everywhere in the system, eq. (12). This 

provides a velocity of 160 um/s in close agreement with the experimental 

data and suggests that the charge regulation in the gap is mainly due to the 

diffusive transport of ions. Despite this good agreement, we want to cau- 

tiously emphasise, that this is a very simplistic treatment, which will need 

further in depth study with models that approximate the experimental set- 

ting in more detail. Yet, it is still interesting to note that the experimental 

ion equilibration velocity appears to proceed at the time scale of a diffusive 

transport mechanism, even for strongly overlapping double layers. 

6.4 Concluding remarks 

In conclusion, an electrochemically modulated in situ sensing SFA, with a 

high speed sensor, is an effective tool to observe charge regulation in confined 

spaces. With an experimentally established slit-pore, charge regulation waves 

can be traced in 3D inside nano-confined cylindrical slit pores, where electric 

double layers overlap. It should be noted that, in comparison to potential 

device architectures in nano-fluidics, the SFA varies both the surface charge 

as well as the distance during a recharging experiment, which complicates 

theoretical treatments of the system. 

We are able to accurately trace the observed equilibrated distance change 

as a function of the potential with a well justified continuum model based 

on the Stern layer picture of the EDL. We justified the usage of the Stern 

model, based on a molecularly resolved understanding of the inner double 

layer structure using MD simulations as well as AFM imaging. Simulation 

and imaging agree very well for the mica side. However, imaging on the gold 

side was, to date, not successful as a function of an applied potential. This is 

likely due to the smaller scale of the lattice constant of the gold surface. In 

addition, the template stripped gold, with its preferential (111) orientation is 
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molecularly smooth but not perfectly single crystalline at the surface. 

We could further experimentally extract for the first time the velocity at 

which an EDL equilibration front transitions into a cylindrical nano-confinement. 

For the LiClO4 solution between a mica and a gold surface the data suggests 

a velocity of about 190 um/s. It should be noted that this velocity is not di- 

rectly related to the ion diffusion rate/coefficient. It is an equilibration time, 

which is the time it takes for fully equilibrating the confined ion distribution 

with respect to the boundary conditions of the confining walls. Nevertheless, 

the equilibration time offers an experimentally observable parameter that 

should allow us to determine diffusion coefficients, given a proper theoretical 

description of the dynamic charge regulation process in such highly overlap- 

ping EDLs. Interestingly, measured equilibration times can be approximated 

well by a simple diffusion model. Diffusion based modelling predicts a veloc- 

ity of the equilibrated ion front in the experimental range of around 160 um/s. 

This suggests that diffusion is the main mechanism for ion equilibration in an 

electrochemically modulated nano-pore. 

This work further supports the concept that a continuum model, ideally 

coupled to atomistic modelling of the inner double layer, can well describe ion 

exchange in molecularly confined gaps down to thicknesses of just 1-2 nm. In 

our current model, we justify assumptions of the used Stern model with MD 

simulations as well as experimental visualisation of the inner double layer 

structure, at least for one side of the confined space. Further work may focus 

on directly coupling atomistic and continuum descriptions for the EDL and its 

dynamics.[190] It will now be interesting to study this type of systems, both 

experimentally and theoretically, towards the limits where the continuum 

description must fail (e.g. strongly adsorbing ions, crowding situations at 

high applied potentials, large ions). 
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7 Concluding Remarks 

In conclusion, this thesis has delved into the investigation of complex lipid 

bilayer structures, aiming to deepen their application potential in research. 

The exploration has centered around three key questions: the potential uti- 

lization of redox-active lipid bilayer heads for bio-electronics, the viability 

of tBLM combined with SFA equipment as a means to closer mimic protein- 

protein interactions in confined spaces of cells, and the influence of charges 

from aqueous environments on these restricted regions. Through the pursuit 

of these inquiries, valuable insights have been gained, shedding light on the 

promising prospects and challenges in utilizing lipid bilayer structures for 

diverse scientific endeavors. The following section will summarize the key 

findings and contributions made by this research, while also pointing to fu- 

ture directions and areas of further investigation: 

1) Conduction of electrons along a Q-lipid containing lipid membrane was 

proven. Moreover, a pressure-dependency of conductivity of amonolayer of 

lipids was shown, highlighting the necessity of a proper jump-distance be- 

tween Q-enzyme lipids as well as the necessity of a high enough fluidity 

(supplied by cardiolipin) of the membrane. This works as a proof of prin- 

ciple, that a) electricity can be conducted along a membrane, and b) that 

bio-electronics is possible with lipid bilayers. All of this requires a consid- 

erable amount of further research: Lipid structures can be manipulated, and 

membrane engineering is able to create complex 3D structures. Combining 

this with a conductive membrane is a worthy route to follow, albeit some 

challenges regarding lipid mobility can be expected. In the medium future, a 

conductive membrane might be a viable option for bio-compatible electron- 

ics or detection methods, e.g. by implementing sensitive proteins within the 

conductive membrane to manipulate the measured conductivity. 

2) A successful three layer setup for bio-mimicking tBLM was created, 

and direct PPI were measured. Unrealistically strong forces were measured, 

but using spacer proteins as well as sm-AFM put those strong values into 

context and helped explain the difference in force to cell measurements. This, 

once again, highlights the the necessity to create an as close as possible phys- 

iological environment to mimic bio-interactions. Just the addition of CD45 

minimised the interaction of CD4 with MHC(D) if no great pressure was ap- 

plied. The analysis of Force-Distance measurements need some optimisation 

due to the very complex nature of the layers between the two gold surfaces. 

Speculatively, this step will include using a stronger light source (to mitigate 
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the light loss due to the third mirror) as well as an SFA-explorer version spe- 

cialised for more complex layers. This also functions as a proof of principle for 

this platform: More complex protein structures, potentially including trans- 

membrane proteins or multi-fold protein surfaces, can now be incorporated 

into the existing setup and direct surface-surface interaction of complex, yet 

rigidly and robustly attached lipid surfaces, can be conducted. With this, a 

new tool for PPl analysis has been developed and is, essentially, ready-to-use 

to gain even more insight in the complex life of cell interactions. 

3) For the first time, the velocity of an EDL equilibration front was mea- 

sured. This was achieved by maximising the measurement frequency and 

minimizing the measurement area. The velocity of the charge regulation 

wave was observed for Lithium ions, using a lithium perchlorate solution 

to minimise corrosion due to the applied electric field. The speed measured 

suggests a diffusion based mechanism due to the similarity in speed, but 

further measurements, especially with different ion species, are needed. Fur- 

thermore, continuum model simulations match with the observed distance 

changes. Overall, this provides another tool to analyse ions in confined gaps, 

a crucial tool for nanofluidics as a research topic and crevice corrosion in 

industrial applications. In the future, this tool will allow for analysis of more 

complex liquids in confined spaces and the effect it has on the nano-gaps. 

In conclusion: "This work provides threenew mechanisms/tools to measure 

real-life effects. Trans-membrane effects were measured in a novel way, a 

new tool for PPI measurements is introduced and proven to work, and a new 

measurement tool for distance change and speed effects of ions in charged, 

confined spaces is presented. It is the hope of the author that those findings 

will help in tackling real-world problems and additionally provide some 

useful additions in the ever-expanding toolbox of experimental science. 
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permit “publishing ventures” where any particular course materials would be systematically marketed at multiple 
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upon gaining electronic access to the material, which is the subject of a permission, shall see: 
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G) any permission granted shall expire at the end of the class and, absent some other form of authorization, 
User is thereupon required to delete the applicable material from any electronic storage or to block electronic 
access to the applicable material. 

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same 
university or college class, require separate permissions under the electronic course content pay-per-use Service, 

Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no 
later than the end ofthe academic term (or analogous period) as to which any particular permission is granted. 

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service, 

User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the 
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have 

the right to audit such books and records at any time during User's ordinary business hours, upon two days’ prior 
notice, If any such audit shall determine that User shall have underpaid for, or underreported, any electronic 

copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC 
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User 
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the 
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license 
for any reason. 

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary 
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License 

expressly excludes the uses listed in Section (c){i)-(v) below (which must be subject to separate license from the 
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non- 

academic internal/external business uses and commercial document delivery. 

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a 
transitory basis; 

il) the input of Works or reproductions thereof into any computerized database; 

iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article; 

iv) reproduction for resale to anyone other than a specific customer of User; 

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or 
directly from the rightsholder. 

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in 

these Terms. 

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For 
“electronic reproductions”, which generally includes e-mail use (including instant messaging or other electronic 

transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any 
display or performance incidental thereto), the following additional terms apply: 

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for 
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as 
measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the 
date ofthe Order Confirmation. 

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation 
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs 

or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution 
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary, 
be “clipped” or reformatted for purposes of time or content management or ease of delivery (provided that any 
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or 
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner 
consistent with, the particular License described in the Order Confirmation and the Terms. 

15) Miscellaneous. 

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and 
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the 
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not 
apply to Licenses already granted and paid for under a prior set ofterms.



b) Use of User-related information collected through the Service is governed by CCC’s privacy policy, available online 
at www.copyright.com/about/privacy-policy/. 

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural 
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where 
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or 

substantially all of User's rights in any new material which includes the Work(s) licensed under this Service. 

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties, 
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any 

writing prepared by or on behalf ofthe User or its principals, employees, agents or affiliates and purporting to govern 
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with 

any Terms set forth in the Order Confirmation, and/or in CCC’s standard operating procedures, whether such writing 
is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears 

on a copy of the Order Confirmation or in a separate instrument. 

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of 
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or 
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iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article; 

iv) reproduction for resale to anyone other than a specific customer of User; 

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or directly from 
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does not alter the underlying editorial content or meaning of the Work used, and that the resulting material is used solely 
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a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and that 

Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the prior terms and 

conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not apply to Licenses already 

granted and paid for under a prior set ofterms. 

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online at 

www.copyright.com/about/privacy-policy/. 

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural person or an 

organization of any kind) the License or any rights granted thereunder; provided, however, that, where applicable, User may assign 

such License in its entirety on written notice to CCC in the event of a transfer of all or substantially all of User's rights in any new 

material which includes the Workts) licensed under this Service. 

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties, including, 

where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any writing prepared by or 
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described in the Order Confirmation, which terms are in any way inconsistent with any Terms set forth in the Order Confirmation, 

and/or in CCC's standard operating procedures, whether such writing is prepared prior to, simultaneously with or subsequent to 

the Order Confirmation, and whether such writing appears on a copy ofthe Order Confirmation or in a separate instrument. 

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of New York, 

USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding arising out of, in 

connection with, or related to such License shall be brought, at CCC’s sole discretion, in any federal or state court located in the 

County of New York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the location of 

the Rightsholder set forth in the Order Confirmation. The parties expressiy submit to the personal jurisdiction and venue of each 

such federal or state court. 
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