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Summary 

Cardiolipin (CL) is a phospholipid that can only be found in the inner bacterial and mito-

chondrial membranes (Khalifat et al 2011). There, it takes part in administering the struc-

tural organization of biological membranes and is essential in maintaining the integer 

membrane functionality (Ren et al 2014). The basis for that important feature of CL is its 

dimeric structure which provides four alkyl chains and a relatively small head group 

(Paradies et al 2014). The structural conditions lead to a conical shape of the phospholipid 

inducing negative curvature formation of CL containing membranes (Osman et al 2011). 

In the event of CL oxidation which can be introduced by the appearance of reactive oxy-

gen species (ROS), the symmetry of CL may be altered (Lesnefsky & Hoppel 2008). As 

CL has the capacity to bind proteins and therefore helps transferring them from the extra-

cellular to the intracellular space of biological membranes, an alteration of CL also affects 

the affinity of binding proteins (Ow et al 2008). Instancing, CL is predestined for binding 

basic cytochrome c (cytc), an electron-carrier protein in the respiratory chain and taking 

part in initiating apoptosis (Hüttemann et al 2011). 

 

The goal of this thesis was to characterize the properties of tetramyristoyl cardiolipin 

(TMCL) and several environmental influences on it. This included investigating the pH and 

temperature dependency of TMCL as well as the influences of ROS on TMCL and exam-

ining the lipid-protein interactions between TMCL and cytc. Furthermore, I extended the 

research to the analysis of binary mixtures composed of TMCL and dimyristoyl phosphati-

dylcholine (DMPC). To this end, I investigated the samples with the aid of the Langmuir 

monolayer technique. This method allowed me to mimic interactions occurring at the 

membrane surface as it represents one membrane layer. The recording of π-A isotherms 

was also coupled with further other techniques like Brewster angle microscopy (BAM), 

Infrared Reflection-Absorption Spectroscopy (IRRAS), Grazing Incidence X-Ray Diffrac-

tion (GIXD) and Total Reflection X-Ray Fluorescence (TRXF) to enable a more compre-

hensive monolayer study. In addition, some systems were analyzed using Thin-layer 

Chromatography (TLC) and/or Differential Scanning Calorimetry (DSC) to be able to draw 

conclusions about sample composition or characteristic temperatures, respectively. 

 

Investigating the properties of TMCL in dependence on the pH value provided information 

about an increase in the charge of the head groups with increasing pH. The charge densi-

ty depends on the protonation state of the CL head groups. Here, the charge density was 

identified at different pH values in order to yield a titration curve over the investigated pH 

range. 
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TMCL was probed at different temperatures. An increase in temperature led to a linear 

increase of the first order phase transition pressure (liquid-expanded (LE) to liquid-

condensed (LC) phase transition). This behavior reflects an elevated entropy per mole 

(ΔS) and in the same time a decrease of the absolute ΔS value as the plateau length of 

the first-order phase transition is reduced. Upon compression, the structure of TMCL in 

the LC phase changed from oblique to orthorhombic and finally to hexagonal which also 

reflects the conical shape of TMCL (Ortiz et al 1999, Osman et al 2011). 

 

As a next step, ROS treated TMCL samples have been investigated and compared to the 

measurements of untreated TMCL. Intriguingly, the monolayer measurements disclosed 

high remaining contents of untreated TMCL in the ROS treated sample. Subsequently, the 

sample was analyzed with TLC in order to identify the reaction products of the ROS treat-

ed sample. The analysis showed that about 60 % of TMCL remained unchanged. 

 

The lipid-protein interactions of TMCL and cytc at the air/water interface were mimicked 

with Langmuir monolayer measurements. The experiments showed that cytc is mostly 

squeezed out from the ordered LC phase into the subphase. As a promising tool for facili-

tating future work, the subphase exchange beneath a monolayer was successfully tested 

with the help of a peristaltic pump. 

 

Experiments engaging the investigation of binary mixtures composed of TMCL and DMPC 

revealed a complete and almost ideal mixing of the two phospholipids. Adding DMPC to 

TMCL leads to fluidization of the monolayer. 

 

This work represents an extensive and systematic characterization of TMCL, where the 

Langmuir monolayer technique is combined with several other methods to analyze some 

major influencing factors on the behavior of the anionic phospholipid. I successfully im-

plemented different environmental influences on TMCL monolayers and I investigated the 

consequences of them. This is a major contribution to understand the role of CL at the 

surface of biological membranes. 
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Zusammenfassung 

Das Phospholipid Cardiolipin (CL) kann exklusiv in der inneren Bakterienmembran sowie 

in Mitochondrienmembranen vorgefunden werden (Khalifat et al 2011). Dort nimmt es an 

der Regulierung der strukturellen Organisation biologischer Membranen teil und ist essen-

tiell für die Aufrechterhaltung der unversehrten Membranfunktion (Ren et al 2014). Der 

Grund für diese Eigenschaft von CL liegt in seiner dimeren Struktur, die vier Alkylketten 

und eine relative schmale Kopfgruppe vorweist (Paradies et al 2014). Die strukturellen 

Bedingungen führen zu einer konischen Formung des Phospholipids und geben Membra-

nen mit CL-Anteil ihre negative Krümmung (Osman et al 2011). Eine Veränderung der CL-

Symmetrie kann beispielsweise durch Oxidationsvorgänge hervorgerufen werden (Les-

nefsky & Hoppel 2008). Diese können durch das Auftreten von reaktiven Sauerstoffspe-

zies induziert werden. CL besitzt die Fähigkeit, Proteine zu binden und verhilft diesen so-

mit aus dem extrazellurären in den intrazellulären Bereich biologischer Membranen zu 

transferieren. Eine Veränderung der CL-Symmetrie wirkt sich somit auch auf die Affinität 

aus, Proteine an Membranen zu binden (Ow et al 2008). CL ist zum Beispiel dafür prädes-

tiniert, cytc, ein Elektronenträger-Protein, welches zur Initiierung von Apoptose beiträgt, zu 

binden (Hüttemann et al 2011). 

 

Das Ziel meiner Arbeit war es, Eigenschaften des anionischen Phospholipids Tetramyris-

toyl Cardiolipin (TMCL) zu charakterisieren, sowie verschiedene Faktoren zu identifizie-

ren, die einen Einfluss auf das Verhalten von TMCL haben. Diese Studien beinhalteten 

Untersuchungen zur pH- und Temperaturabhängigkeit von TMCL sowie zum Einfluss re-

aktiver Sauerstoffspezies auf TMCL. Weiterhin wurden Lipid-Protein-Wechselwirkungen 

zwischen TMCL und cytc erforscht und binäre Mischungen bestehend aus TMCL und 

Dimyristoyl Phosphatidylcholin (DMPC) analysiert. Zu diesem Zweck untersuchte ich die 

TMCL-Proben mit Hilfe der Langmuir-Monoschicht-Technik. Diese Methode ermöglichte 

es mir, Wechselwirkungen an der Oberfläche einer Membran zu imitieren, da eine Mono-

schicht auch eine Schicht einer Modell-Membran darstellt. Die Aufnahme von π-A-

Isothermen wurde mit weiteren Methoden wie Brewsterwinkel-Mikroskopie, Infrarot-

Reflexions-Absorptions-Spektroskopie, Röntgendiffraktion mit streifendem Einfall und To-

talreflexions-Röntgenfluoreszenzanalyse gekoppelt, um eine umfangreiche Monoschicht-

Analyse zu ermöglichen. Zusätzlich wurden einige Systeme mittels Dünnschichtchroma-

tographie und/oder dynamischer Differenzkalorimetrie untersucht, um Schlussfolgerungen 

über die Probenzusammensetzung ziehen zu können beziehungsweise Informationen 

über charakteristische Temperaturen zu erhalten. 
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Untersuchungen zur pH-Abhängigkeit von TMCL zeigten, dass die Ladung der Kopfgrup-

pen mit steigendem pH-Wert größer wird. Die Ladungsdichte ist vom Protonierungsgrad 

der TMCL-Kopfgruppen abhängig. In dieser Arbeit wurde nun die Ladungsdichte von 

TMCL bei verschiedenen pH-Werten bestimmt, um eine Titrationskurve über den unter-

suchten pH-Bereich zu erhalten.  

 

TMCL wurde auch im Hinblick auf den Temperatur-Einfluss untersucht. Eine Erhöhung 

der Temperatur wirkte sich in einer linearen Verschiebung des Phasenübergangs erster 

Ordnung (Übergang von flüssig-expandiert zu flüssig-kondensiert) zu höheren Drücken 

aus. Dieses Verhalten reflektiert eine erhöhte Entropie per Mol (ΔS) und gleichzeitig eine 

Verringerung des absoluten ΔS-Wertes, da die Plateaulänge des Phasenübergangs ab-

nimmt. Wird die Monoschicht komprimiert, verändert sich die Struktur von TMCL von obli-

que über orthorhombisch zu hexagonal. Dies spiegelt auch die konische Form von TMCL 

wieder (Ortiz et al 1999, Osman et al 2011). 

 

Als nächstes wurden TMCL-Proben untersucht, welche zuvor mit reaktiven Sauer-

stoffspezies behandelt wurde. Die Experimente wurden mit denen von unbehandeltem 

TMCL verglichen. Erstaunlicherweise deuteten die Monoschicht-Messungen auf hohe 

Restmengen an unbehandeltem TMCL in der behandelten Probe hin. Darauffolgend wur-

de die Probe mittels Dünnschichtchromatografie analysiert, um die Reaktionsprodukte der 

Behandlung mit reaktiven Sauerstoffspezies zu ermitteln. Die Analyse zeigte, dass unge-

fähr 60 % der TMCL-Probe unter den gegebenen Bedingungen nicht reagiert hatten. 

 

Lipid-Protein-Wechselwirkungen zwischen TMCL und cytc wurden an der Grenzfläche 

von Luft zu Wasser mittels der Langmuir-Monoschicht-Technik nachgestellt. Die Experi-

mente haben gezeigt, dass cytc zum größten Teil aus der flüssig-kondensierten Phase 

der TMCL-Monoschicht in die Subphase gedrückt wird. Als vielversprechendes Instrument 

zur Erleichterung zukünftiger Untersuchungen von Lipid-Protein-Wechselwirkungen, wur-

de der Subphasen-Austausch unter einer Monoschicht mittels einer Peristaltik-Pumpe 

erfolgreich getestet. 

 

Experimente bezüglich der Untersuchung von binären Mischungen bestehend aus TMCL 

und DMPC haben gezeigt, dass die beiden Phospholipide sich fast ideal mischen. Der 

Zusatz von DMPC führt zu einer Fluidisierung der TMCL-Monoschicht. 
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Diese Arbeit repräsentiert eine systematische und ausführliche Charakterisierung von 

TMCL in Modellmembranen. Für die Messungen wurde die Langmuir-Monoschicht-

Technik (π-A-Isothermen) mit verschiedenen weiteren Methoden kombinierte. Somit 

konnten einige, sich stark auf das Verhalten des anionischen Phospholipids TMCL aus-

wirkende, Faktoren analysiert werden. Erfolgreich konnte ich verschiedene umweltbeding-

te Einflüsse auf TMCL-Monoschichten anwenden und deren Einflüsse auf diese untersu-

chen. Diese Arbeit leistet somit einen wichtigen Beitrag zum besseren Verständnis der 

Rolle von TMCL an der Oberfläche biologischer Membranen. 
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1 Introduction 

1.1 Integrity needs protection: from the self-assembly of lipids to the 
formation of a membrane  

Biological membranes separate the inner from the outer part of a cell and are mainly 

composed of lipids and proteins. They separate two aqueous phases and are relatively 

impermeable to water-soluble compounds (Rothfield 1971). Depending on the location 

and the role of the membrane, lipids account for 20–80 % of a membrane. Lipids are re-

sponsible for membrane flexibility. Proteins help, amongst other functions, to transfer mol-

ecules across the membrane (Cooper 2000). Membrane lipids self-assemble as bilayers 

and in this manner define the internal and external boundaries of a cell (Watson 2015). 

The lipid self-assembly results from the amphiphilic nature which divides the lipid into two 

parts – the hydrophilic head group and the hydrophobic tail. Figure 1 shows a basic 

scheme of a membrane. The lipid self-assembly was discovered by (Gorter & Grendel 

1925). Later, (Danielli & Davson 1935) investigated for the first time membrane models 

including proteins. 

 

 

Figure 1: Basic scheme of a membrane consisting of a phospholipid bilayer and trans-

membrane proteins. The hydrophilic lipid head groups are oriented towards 

the aqueous interfaces and the hydrophobic lipid tails are arranged in the inte-

rior. Channel proteins transport ions from the outer to the inner part of a cell. 

The scheme was adapted from (Anatomy and Physiology: 12.4 The Action Po-

tential, n.d.). 

 

Membrane lipids can be separated into three groups, phospholipids, glycolipids and ster-

ols (Berg et al 2002). In my PhD thesis, I concentrate on the group of phospholipids with a 
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focus on the investigation of the anionic phospholipid tetramyristoyl cardiolipin (TMCL). 

For phospholipids, the hydrophilic part is a negatively-charged polar phosphate head 

group which is attracted to the aqueous sides of membrane interfaces (van Meer et al 

2008). The hydrophobic parts are non-charged and non-polar fatty acid tails which are 

rejected from the aqueous side. Biological membranes are semipermeable. Due to the 

hydrophobic core of a bilayer, the cell is efficiently protected against diffusion of ions and 

polar (water-soluble) molecules into as well as out of the cell. Transmembrane proteins 

traverse the bilayer and selectively enable admission into a cell. Lipid-soluble (non-polar) 

molecules and some small molecules are allowed to pass freely through the lipid bilayer. 

(Reece et al 2011, Rothfield 1971). This includes gases (O2, CO2), e.g. benzene (non-

polar/hydrophobic), H2O and ethanol (polar but uncharged) (Cooper 2000). 

 

The regulation of membrane fluidity maintains the integrity of the membrane. The fluidity 

of a membrane is partly depending on the lipid composition and can be affected by the 

fatty acid chain length and saturation as well as the cholesterol content in the membrane 

(Sprong et al 2001, van Meer et al 2008, van Meer & Vaz 2005). Various studies have 

been dedicated to the investigation of determinants in lipid composition which influence 

the membrane fluidity (Cooper 1977, Owen et al 1982, Shinitzky & Inbar 1976). These 

studies included investigations of phospholipid/cholesterol ratios as well as different chain 

saturations. Additionally, the effects of differently sized phospholipid head groups on 

membrane fluidity have been examined (Cullis & de Kruijff 1979). Different states of head 

group hydration have also led to a changed fluidity of the membrane (Crowe et al 1987, 

Hazel & Williams 1990). It has been established that the phospholipids phosphatidylcho-

line (PC) and cardiolipin (CL) increase the fluidity of a membrane whereas phosphatidyl-

ethanolamine (PE) and sphingomyelin (SM) lead to a decrease in fluidity (Fajardo et al 

2011). Figure 2 shows the three groups of membrane lipids. 
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 Figure 2: The overview shows the three classes of membrane lipids (Hardin 2012). For 

every class, a schematic diagram of the lipid compositions as well as a chemi-

cal structure and a space filling model are exemplified. Lipids are amphipathic 

molecules with a hydrophilic head and hydrophobic tails. The fatty acid tails 

can differ in length and saturation. 

 



1 Introduction 

  

- 9 - 

1.2 From a bilayer to a monolayer – model membranes 

In order to maintain functional integrity, mammalian cells react to environmental stimuli 

such as changes in temperature, charge or mechanical force by modifying the lipid com-

position of their membranes (Olofsson & Sparr 2013, Smaby et al 1997). When investigat-

ing environmental influences on membranes, it is utile to begin the examinations with the 

most basic model membranes – Langmuir monolayers. For this purpose, it is considered 

that a biological membrane is composed of two weakly coupled monolayers. The lipid 

monolayer is formed at an air/water interface making it possible to study interactions and 

properties of single lipids and lipid mixtures as well as monolayer/subphase interactions 

(Brockman 1999, Phan & Shin 2014). With their hydrophobic tail, the proper lipids do not 

dissolve in aqueous subphases but form a two-dimensional system at the air/water inter-

face with their heads towards the surface (Kaganer 1999). In contrast to bilayer systems, 

the phase state and structure of lipid monolayers can be conveniently controlled by com-

pressing the monolayer. In addition, the subphase composition can be easily varied allow-

ing the investigation of lipid-protein interactions or the influence of changes in ion concen-

tration or pH (Brockman 1999, Maget-Dana 1999, Mӧhwald 1990). Bilayer suspensions 

are, for instance, strongly limited in varying the lipid composition without changing surface 

curvature and the phase state (Micol et al 1999). The thermodynamics between bilayer 

membranes and monolayers can be directly compared with each other (Feng 1999). Usu-

ally, the formation of a monolayer is recorded with surface pressure (π) – molecular area 

(A) isotherms. The change in surface pressure is measured as a function of the area 

which is available at the surface for each molecule. Figure 3 gives a general overview of 

possible formations of amphiphilic molecules. At air/water interfaces, lipids usually form 

monolayers. Monolayers are semi-bilayers and enable understanding basic mechanisms 

occurring at membrane surfaces. In other cases, relatively large head groups and small 

tails lead to a preferred arrangement of micelles (Woelk et al 2014). In a medium, lipids 

normally self-assemble to bilayers with their hydrophilic head groups towards the aqueous 

phase and their hydrophilic tails in the core. The so called liposomes are spherical vesi-

cles and composed of one or more lipid bilayers (Akbarzadeh et al 2013). For instance, 

liposome suspensions were used to investigate the influence of reactive oxygen species 

(ROS) on tetramyristoyl cardiolipin (TMCL) in this work. 

 

As Langmuir monolayers represent semi-bilayers, they are suitable model systems for 

studying occurrences at the surface of biological membranes. Langmuir monolayers can 

be characterized with high precision and the conditions can be controlled in various man-

ners (e.g. subphase temperature, subphase pH or ion concentration). π-A isotherm 
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measurements can be coupled with several other techniques, hence it is possible to ob-

tain a comprehensive study of the lipid monolayer at the air/water interface. The coupling 

of π-A isotherms with infrared reflection-absorption spectroscopy (IRRAS) gives infor-

mation about the chain conformations at different pressures along the isotherm. The lat-

eral structures of a monolayer can be investigated and domain formation during the re-

cording of π-A isotherms can be conveniently followed using Brewster angle microscopy 

(BAM). Grazing incidence x-ray diffraction (GIXD) allows identifying chain lattice struc-

tures of lipids in the ordered liquid-crystalline (LC) state. Total reflection x-ray fluores-

cence (TRXF) measurements are useful to obtain information about the ionization state of 

the lipid head groups by determining the amounts of counter ions bound to the charged 

head groups. 

 

 

Figure 3: The scheme shows the possible formations of amphiphilic molecules. With 

their hydrophilic head groups and hydrophobic tails, the molecules can form a) 

monolayers, b) micelles, c) bilayers and d) liposomes. The figure was taken 

from (Dorn et al 2006). 

 

1.3 Wholeheartedly – the phospholipid cardiolipin 

Cardiolipin (CL) is a unique anionic phospholipid with four alkyl chains. It has a dimeric 

structure where two phosphatidyl moieties are connected to each other via a central glyc-

erol group (Haines 2009, Lewis & McElhaney 2009). Due to the large hydrophobic region, 
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the charged hydrophilic head group is relatively small. This behavior leads to a conical 

shape and induces a favored negative curvature of CL containing membranes (McAuley 

et al 1999, Osman et al 2011). The effect is even intensified when the charge of the head 

group is reduced (Dahlberg 2007, Lewis & McElhaney 2000). The conical shape allows 

the formation of hexagonal phases (Ortiz et al 1999, Osman 2011). CL exhibits two chem-

ically different phosphate moieties, although it has a symmetrical structure and four identi-

cal acyl residues (Powell & Jacobus 1974). This is based on the chiral centers in each 

glycerol group leading to diastereomers or enantiomers, respectively (R/S, S/R, S/S and 

R/R). Natural cardiolipin appears in the R/R configuration (LeCocq & Ballou 1964). There-

fore, the two phosphate groups feature dissimilar chemical environments. Each of the two 

phosphate groups can carry one negative charge. The ionization level is influenced by the 

pH and also by environmental conditions (Nichols-Smith & Kuhl 2005). With increasing 

cardiolipin concentration, the surface charge density of the membrane was found to in-

crease linearly at physiologically relevant cardiolipin concentrations. (Khalifat et al 2011) 

found out that the membrane surface charge decreases with decreasing pH and that 

mainly the packing behavior of CL containing membranes is substantially influenced. Their 

experiments have shown that the modification of lipid packing leads to instabilities in 

membrane shape. Biological membranes exhibit cardiolipin exclusively in the inner bacte-

rial and mitochondrial membranes where their molar concentration accounts for 5–20 % 

(Khalifat et al 2011). There, it is important for the insertion and translocation of proteins 

(Matsumoto 2001). CL can be furthermore found in numerous Gram-negative and Gram-

positive bacteria (Lewis & McElhaney 2009). Here, an important function of CL is to sup-

port the maintenance of membrane integrity in response to environmental stresses (Hoch 

1992, Yamauchi et al 1981). 

As the size of CL limits its movements, the formation of intra- and intermolecular hydrogen 

bonds to stabilize the negative charge of the head group is hindered. Therefore, the nega-

tively charged CL head group interacts readily with protons and cations from the surround-

ing medium (Unsay et al 2013). Those interactions lead to a reduction of the effective 

head group size. Anionic lipids are important for protein translocation processes across 

and into biological membranes as they interact with positively charged amino acid resi-

dues (Ridder et al 2001). As certain amounts of CL are bound to proteins, CL is essential 

for an intact function of the mitochondrion (Schlame et al 1990). Furthermore, CL has an 

affinity for binding proteins which are involved in ATP synthesis (Eble et al 1990, Robin-

son 1993). Due to their location in mitochondria and their unsaturated fatty acid chains, 

CLs are an easy target for oxygen-free radicals. A radical attack can lead to oxidization 

and therefore to reduced ATP production (Paradies et al 2004). Generally, the appear-
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ance of reactive oxygen species (ROS) can cause oxidative modifications of lipids and 

potentially lead to damages to cell structures. Oxidative stress may cause a modification 

of CL. As CL is a frequent lipid component in the inner mitochondrial membrane, changes 

to the CL content could lead to mitochondrial dysfunctions. CL is biosynthesized in the 

inner mitochondrial membrane and undergoes a remodeling of its alkyl chains before it is 

degraded and oxidatively modified (Schlame & Greenberg 2017). Excessive CL oxidation 

can reduce the CL symmetry and the affinity to bind the electron carrier cytc. The protein 

cytc is water-soluble and plays a role in the initiation of apoptosis (Ow et al 2008). The 

main role in binding cytc is attributed to CL. It anchors cytc to the inner mitochondrial 

membrane and thus enables electron transfer (Kagan et al 2005). Figure 4 shows the 

chemical structure of TMCL, the molecule investigated in this work. 

 

 

Figure 4: Chemical structure of tetramyristoyl cardiolipin (TMCL) (ammonium salt). The 

two phosphatidyl moieties are connected to each other via a central glycerol 

group. 

 

The relevance of CL for the function of certain cells becomes evident when it comes to 

various health disorders. Impairment of mitochondrial integrity due to changed CL levels 

can result in several diseases such as heart failure (Mejia et al 2014) or diabetes (Shi 

2010). The Barth syndrome (BTHS) is caused by genetic defects in CL remodeling, trig-

gered by mutations in the gene tafazzin. (Schlame & Ren 2006) found out that various 

clinical sequela that can be associated with BTHS are attributed to defects in mitochon-

dria. Consequences of CL alteration still have to be further established, but imaginable are 

misconducts in the energy coupling of mitochondria or in biogenesis. 

The previous descriptions have shown of the importance of CL as research target. Special 

attention may be directed to the field of BTHS biology; since it represents the first human 

disease in which alteration in CL remodeling is the most affecting factor (Hauff & Hatch 

2006). Regarding this, it becomes obvious that further research in the field of CL is im-

portant to obtain a deeper understanding of disease related occurrences in mitochondria. 
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Langmuir monolayers are a suitable method of choice for obtaining a basic understanding 

of how CL reacts to environmental changes. As outlined above, Langmuir monolayers 

allow investigating different environmental influences on lipid semi-bilayers. 

 

1.4 Aim of the PhD thesis 

Cardiolipin (CL) is important for the integer function of mitochondrial membranes where it 

also administers structural organization (Ren et al 2014). Its protective function helps in 

maintaining the membrane integrity upon environmental stresses (Hoch 1992, Unsay et al 

2013). Due to its dimeric nature, CL offers particular structural characteristics amongst the 

class of phospholipids (Paradies et al 2014). Modifications of the lipid packing can lead to 

instabilities in the shape of the membrane (Khalifat et al 2011). These changes can be 

triggered by changes in the environmental conditions. 

 

The goal of this thesis is now to provide a comprehensive overview of the properties of 

tetramyristoyl cardiolipin (TMCL). In order to achieve this goal, I analyzed the effects of 

changes in pH and temperature on TMCL monolayers. Subsequently, the influences of 

reactive oxygen species on TMCL as well as the adsorption of cytc from the subphase to 

TMCL monolayers were identified. In the last part I intended to link some of the gained 

insights to binary mixtures of TMCL and dimyristoyl phosphatidylcholine (DMPC). These 

experiments were performed to shed light on the response of TMCL to environmental 

modifications. In doing so, influences on the monolayer’s fluidity and permeability can be 

determined as well as changes in structure or the impact of pressure increase on lipid-

protein interactions. The Langmuir monolayer technique enables investigating the half of a 

membrane at the air/water interface. This method provides a basic model for studying 

interactions at the membrane surface with high accuracy. With the help of π-A isotherms, I 

examined the physicochemical properties of monolayers formed of TMCL molecules at 

the air/water interface. The environmental conditions could be facilely adjusted regarding 

the research objective. 
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2 Methods 

2.1 Lipid monolayers and surface pressure (π) – molecular area (A) 
isotherms 

2.1.1 Langmuir monolayers as a suitable model for the study of lipids 

Biological membranes usually consist of lipid molecules forming bilayers (Wood 1997). 

They separate between intracellular and extracellular. By reason of selective permeability, 

some substances are allowed to enter or leave the membrane. Langmuir monolayers en-

able a basic and simple model to study such systems (McConnell 1991). They represent 

only one membrane layer at the air/water interface. Therefore, they do not allow for study-

ing transmembrane processes, but interactions at the membrane surface instead. Regard-

ing the research objective, the subphase can be adjusted in various manners. For exam-

ple, interactions between an amphiphilic monolayer and molecules dissolved in the sub-

phase can be investigated as well as the influence of subphase pH or ionic strength. 

Water insoluble and amphiphilic molecules form monolayers at the air/water interface with 

their heads towards the surface, and their physicochemical properties can be character-

ized with the help of π–A isotherms (Kaganer et al 1999). The measurements are carried 

out using a Langmuir film balance equipped with a Wilhelmy system for the surface pres-

sure detection. The so-called Langmuir trough is made up of Teflon which is hydrophobic 

and does not release ions into the subphase. The method is based on measuring changes 

of surface tension (γ) in dependency on the area per molecule with γ being the surface 

free energy per unit area. At room temperature, pure water reveals a γ of about 

72.5 mN/m. The difference of pure water surface tension (γwater) and monolayer surface 

tension (γmonolayer) leads to the lateral surface pressure (π): 

 

Eq. 1: 𝜋 = 𝛾𝑤𝑎𝑡𝑒𝑟 − 𝛾𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 

 

A water insoluble lipid monolayer is spread from an organic solvent onto the water sub-

phase. Upon compression, the surface area A is decreased and the molecules are 

pushed together. The monolayer surface concentration increases whereas the monolayer 

surface tension decreases. The lateral pressure π is increased. Figure 5 shows an exam-

ple of a of Langmuir monolayer isotherm and explains the different phases which are 

reached upon compression of the monolayer. 

In the gas-analogue phase (G), lipid molecules do not interact with each other in a detect-

able way (π = 0 mN/m). Due to their resolution, common film balances only start measur-



2 Methods 

  

- 15 - 

ing at the end of the gas-analogues phase (TU-München 2009). Based on compression, 

the lipids start to interact with each other reaching the liquid-expanded (LE) phase where 

the hydrophobic chains are still in a non-ordered state (gauche conformation). A first-order 

phase transition identifies the change from the LE to the liquid-condensed (LC) phase. 

During a plateau region, the LE and the LC phase coexist. The alkyl chains change their 

conformation from gauche to all-trans. In the LC phase, the lipid film is much less com-

pressible and the course of the isotherm is getting steeper. With the molecules as close 

together as possible, only the tilt of the chains can be changed in this state. Steric or elec-

trostatic interactions could hinder the rising up of the chains. The change from tilted to 

non-tilted chains is a second-order phase transition. Upon further compression, the mono-

layer film would collapse. The collapse could be indicated by a sharp pressure decrease 

or a collapse plateau (Lee 2008). 

 

 

Figure 5: The diagram shows the compression isotherm of TMCL (on a 1 mM Cs sub-

phase containing EDTA at pH 5.0 and 20°C) including the lipid’s phase states 

along the isotherm (G = gas-analogue, LE = liquid-expanded, LC = liquid-

condensed) and the schematic molecular arrangements. In the upper right 

corner, a schematic illustration of a Langmuir film balance with a lipid mono-

layer is shown. 
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2.1.2 Setup 

The π-A isotherms were recorded on a computer-interfaced Langmuir trough (R&K, Pots-

dam, Germany) equipped with a Wilhelmy balance system that features a precision of 

0.1 mN/m. A constant temperature was adjusted and stabilized using a recirculation cool-

er. The compression speed of the film was 5 Å2 molecule-1 min-1. 

To verify the experiments that were performed using the Langmuir monolayer technique, 

the film balance measurements were combined with different other analytical methods, 

such as BAM, IRRAS, GIXD and TRXF (see following sections). Those methods are fun-

damental for a comprehensive understanding of monolayer systems at the air-water inter-

face. 

2.2 Brewster Angle Microscopy (BAM) 

2.2.1 Determination of the morphological properties of a monolayer 

BAM allows investigating the lateral structures of monolayers. Nucleation and growth pro-

cesses can be easily studied during the recording of π-A isotherms. Therefore, it is possi-

ble to observe domain formation at the air/water interface (Wagner & Brezesinski 2007). 

The appearing domains could be investigated regarding their morphological properties. 

The method underlies the matter of fact that p-polarized light is not reflected at the Brew-

ster angle (ΘB) as a result of the Brewster law: 

Eq. 2: 𝑡𝑎𝑛Θ𝐵 =
𝑛2

𝑛1
 

with n1 being the refractive index of the optical thicker medium (water or buffer subphase) 

and n2 being the one of the optical thinner medium (air). For the air/water interface, the 

Brewster angle amounts to 53.2°. If a monolayer is present on the water or buffer sub-

phase, the refractive index is changed and the incident beam is therefore reflected. Con-

sequential, domains resulting from the transition of LE to LC appear (Vollhardt 2014). If 

we consider a monolayer free subphase, a dark image would be obtained. Due to a non-

tight packing of molecules in a monolayer in the LE state, the incident beam is weakly 

reflected. During the LE-LC transition, the molecule packing is getting tighter and the pro-

ceeding nucleation and growth of domains can be tracked. Furthermore, the heterogeneity 

of the film changes which can be simply identified because the layer thickness is attribut-

ed to the brightness of the monolayer film. An increasing layer thickness is attended by 

more intensive brightness. 
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2.2.2 Setup 

For Brewster angle microscopy, a BAM2plus (NanoFilm Technologie, Göttingen, Germa-

ny) was used. The set-up was combined with a film balance (NIMA Technolgy, Coventry, 

United Kingdom) and arranged on an anti-vibrational table. The imaging system includes 

a frequency-doubled Nd-YAG laser with a wavelength of 532 nm (50 mW). Furthermore, a 

polarizer, an analyzer, and a CCD (charged-coupled device) camera to record the chang-

es of the optical properties are installed. The recording of the BAM images (view field 

355 x 470 µm2) occurred digitally during the compression of the monolayer with a lateral 

resolution of 2 µm. 

2.3 Infrared Reflection-Absorption Spectroscopy (IRRAS) 

2.3.1 Information about the molecular structure and chain orientation 

IRRAS enables the investigation of lipid monolayers at the air/water interface and pro-

vides conclusions on the structure and composition of the monolayer at molecular scale 

(Blume 1996, Blume & Kerth 2013, Mendelsohn et al 2010). It provides information about 

the conformation state (gauche or all-trans) of the alkyl chains and the orientation of the 

molecules (tilt angle). Furthermore, interactions of a lipid monolayer with proteins dis-

solved in the subphase could be analyzed via changes in the vibrational frequencies (Ma-

get-Dana 1999, Mendelsohn & Brauner 1995). The simultaneous recording of π-A iso-

therms and IRRA spectra enables the stepwise analysis of changes at different surface 

pressures. The single spectra are recorded at constant pressure values. The IR light can 

be polarized parallel (p-polarized) or perpendicular (s-polarized) to the plane of incidence. 

The angles of incident and of reflected light are the same. During a measurement, the µm 

range beneath the monolayer is quantified as well as the monolayer by itself. Therefore, 

the obtained IR bands reflect the sum of all molecules present at the interface. Some im-

portant IR bands for water and for lipids are presented in Table 1. 

The positions of the asymmetrical and symmetrical CH2 stretching vibrations are depend-

ing on the chain conformation and therefore serve readily for the interpretation of the 

spectra. For the LE state (gauche conformation), the wavenumbers offer higher values 

than for the LC state (all-trans conformation). The transition from LE to LC is in accord-

ance with higher peak intensity and smaller peak width. While using polarized light, a 

change of the chain orientation modifies the absorption rate (Mendelsohn et al 2010). 

Therefore, the dichroic ratio (DR) is altered. The DR is preserved through the comparison 

of the spectra obtained with s- and p-polarized light corresponding to DR = Ap/As. Ap is the 

maximum of the reflectance-absorbance (RA) of p-polarized light and As the maximum of 
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the RA of s-polarized light. The OH band intensity serves as an indication of the layer 

thickness. An increasing intensity of the OH band represents a thickened layer. 

 

Table 1: Selection of characteristic IR-signals in this work (Mendelsohn & Brauner 

1995). 

Mode of vibration Frequency / cm
-1

 

νas OH (H2O) ~3490 

νs OH (H2O) ~3280 

νas CH3 (lipids) ~2960 

νs CH3 (lipids) ~2870 

νas CH2 stretching vibration (lipids) 2916-2924 

νs CH2 stretching vibration (lipids) 2849-2854 

ν C=O stretching vibration (lipids) 1710-1740 

νamide I C=O ~1650 

νamide II NH/CN 1520-1560 

νas PO2 stretching vibration (lipids) 1220-1250 

νs PO2 stretching vibration (lipids) ~1090 

 

2.3.2 Setup 

IRRAS was performed using a Vertex 70 FT-IR spectrometer (Bruker, Ettlingen, Germa-

ny). The setup is combined with a film balance system (R&K, Potsdam, Germany) which 

is located in an enclosed container in order to keep the atmosphere unaffected from the 

environment and the water vapor atmosphere constant. A sample trough contains the 

subphase with the monolayer and is equipped with two movable barriers. A reference 

trough contains the bare subphase. The use of a shuttle technique allows fast measure-

ments of the sample and reference spectra and out of this, the differential spectrum with-

out the water vapor absorption is obtained (Flach et al 1994, Mendelsohn et al 2010) by 

using –lg(R/R0) with R being the reflectance of the sample (monolayer) and R0 being the 

reflectance of the reference (bare water or buffer solution). The focusing of the beam oc-

curs by a set of mirrors. The angle of incidence was kept constant at 40° for all measure-

ments. Polarization in perpendicular (s) or parallel (p) direction was performed by a KRS-5 

wire grid polarizer. The beam was reflected from the surface and collected by a liquid-

nitrogen cooled Mercury Cadmium Telluride (MCT) detector. The spectra are plotted as 

reflectance-absorbance versus the wavenumber. A scanning velocity of 20 kHz and a 

resolution of 8 cm-1 was initialized. Every beam spectrum features 400 scans (p-polarized 

light) or 200 scans (s-polarized light). The data analysis included the spectra obtained with 
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s-polarized light. The experiments were started one hour after spreading the monolayer in 

order to enable the stabilization of the system. 

2.4 Grazing Incidence X-Ray Diffraction (GIXD) 

2.4.1 Lipid structure characterization of a monolayer in the condensed state 

GIXD is a convenient method to analyze the lipid structure of a liquid-condensed mono-

layer at the air/liquid interface. The procedure is based on total reflection with a mono-

chromatic x-ray beam adjusted to slightly strike the water surface. With an incoming angle 

below the critical angle, the penetration depth is limited and the scattering background 

from the subphase is reduced (Bao & Locklin 2007). Therefore, a high surface sensitivity 

is reached. The scattering at the electrons of the molecules leads to information about the 

lateral periodic structures of the lipid monolayers. The x-ray beam is diffracted by the lat-

eral structures in the monolayer (Vollhardt & Brezesinski 2015). The obtained interference 

patterns and the reflex intensities enable the analysis of the crystal structures. Thus, the 

obtained Qxy (Bragg peak, in-plane) and Qz (Bragg rod, out-of-plane) components of the 

scattering vector declare about the unit cell parameters of the lipid chains such as the tilt 

of the chains (t), the distortion of the lattice (d) and the cross-sectional area of one chain 

(A0). Due to a very small correlation length (Lxy) within the liquid-expanded phase, there 

are no x-ray diffraction signals detectable (Kaganer et al 1999). The correlation length 

specifies the range of an intact periodic structure. Only the lipid structures of condensed 

monolayers (all-trans configuration) can be accurately characterized with GIXD as they 

form layered structures (Knobler & Desai 1992). 

The tilting transition pressure defines the point where the alkyl chains of the lipid switch 

from the tilted to the upright position. The determination of the tilting transition pressure is 

based on the assumption of a constant cross-sectional chain area and a nearly linear 

pressure-area relationship in the LC phase. Due to energetic reasons, the tilt angle de-

creases upon monolayer compression without changing the distances between the chains 

(Kaganer et al. 1999). Now, the modified Landau theory states, that with a lattice distortion 

only based on the tilt of the molecules, the plot of the lattice distortion (d) versus the sinus 

square of the tilt (sin2(t)) is linear and extrapolation leads to zero distortion for non-tilted 

chains in the LS phase (Kaganer et al 1999, Kaganer & Loginov 1995). A split of the dif-

fraction peak can be referred to a distortion of the unit cell (Dutta 2000). Figure 6 shows 

the x-ray diffraction geometry using grazing incidence. 
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Figure 6: GIXD geometry at beamline P08 (DESY, Petra III, Hamburg, Germany). αi is 

the incoming and αf the reflected angle. The substrate surface is extended to 

the xy-plane and the z-axis is parallel to the surface normal. The incident 

beam is identified with 
ik


 and the reflected beam with 
fk


. The figure is modi-

fied from (A. Gröning 2015). 

 

The incident angle αi is kept constant and below the critical angle of total reflection 

(αi = 0.85ac). αf is the angle between the reflected beam and the surface (vertical scatter-

ing angle) and 2 is the angle in the horizontal level between incoming and reflected beam 

(horizontal scattering angle). The scattering vector Q is consisting of the horizontal com-

ponent Qxy and the vertical component Qz: 

 

Eq. 3: 𝑄𝑥𝑦 =
4𝜋

𝜆
∙ 𝑠𝑖𝑛

2𝜃

2
 

 

Eq. 4: 𝑄𝑧 ≅
2𝜋

𝜆
∙ 𝑠𝑖𝑛(𝛼𝑓) 

 

To determine the maxima of Qxy and Qz, the peaks are fitted using a Lorentz respectively 

Gauss function. The obtained values serve for calculating the lattice parameters of the 

unit cell (for details see Dutta 2000, Kaganer et al 1999). The peak maximum of Qxy offers 

information about the lattice constants, while the peak width leads to conclusions about 

the lateral periodic structure of the monolayer. The peak maximum of Qz allows determin-

ing the tilt angle of the alkyl chains. Information about the size of a homogeneously struc-

tured domain is gained by the correlation length, which can be calculated using the Scher-

rer formula: 

Eq. 5: 𝐿𝑥𝑦 = 0.9 ∙ (
2𝜋

∆𝑄𝑥𝑦
) 
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with the resolution corrected ΔQxy. The thickness Lz of the diffracting layer can be deter-

mined using: 

Eq. 6: 𝐿𝑧 = 0.9 ∙ (
2𝜋

∆𝑄𝑧
) 

with ΔQz being the full-width at half-maximum (FWHM) of the Gaussian model peak in the 

out-of-plane direction. Due to a usually tight hexagonal packing, the diffraction pattern is 

made up of six first-order peaks which refer to the distances between neighboring chains 

(Kaganer et al. 1995). For perpendicular chains, only one first-order diffraction peak is 

observed. This indicates a hexagonal packing offering equal distances between the mole-

cules (Dutta 2000, Kaganer et al 1999). The non-tilted state is usually reached at relatively 

high surface pressures and small areas in π-A isotherms. At increased surface areas, the 

equilibrium mean distance between molecules can be maintained by a tilt of the alkyl 

chains (Kaganer et al 1993). 

If the alkyl chains are tilted towards the next neighbor (NN), two peaks are visible indicat-

ing an orthorhombic chain packing. This could also be observed for the samples investi-

gated in this work before reaching the non-tilted state. Three peaks have been observed 

in the oblique arrangement of the chains. Here, the nomenclature is mainly oriented to 

(Harkins & Copeland 1942) and (Stenhagen 1955), some parts follow (Lundquist 1978). 

The denotations of the LE and LC phases have already been defined for the π-A isotherm 

measurements. Sometimes, the LE phase is also known as L1 phase (Harkins & Copeland 

1942, Ställberg-Stenhagen & Stenhagen 1945). The LC phase could offer different phase 

states. Therefore, GIXD measurements are helpful to identify structural changes in the LC 

phase upon compression of the monolayer. Here, the tilted orthorhombic phase is also 

defined as L2 phase (Ställberg-Stenhagen & Stenhagen 1945) and the upright hexagonal 

phase as LS (superliquid) phase (Lundquist 1978). 

Considering a low amount of lipid molecules (1016 molecules) at a water surface and a 

lowly reflected intensity, high radiation intensities are needed. Primary radiation of com-

monly used x-ray tubes is too low for the experiments. Therefore, x-ray radiation from a 

synchrotron source is required (Jensen & Kjaer 2001). 

2.4.2 Setup 

The GIXD experiments were performed at the high resolution diffraction beamline P08 

(PETRA III, DESY, Hamburg, Germany). The Langmuir trough was located in a hermeti-

cally sealed container with a Kapton window (polyimide film) and constantly flushed with 

helium (He) in order to avoid scattering of e.g. oxygen or nitrogen molecules or argon from 

the air. In this way, the signal to background ratio is considerably increased. A recircula-
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tion cooler was used in order to adjust and stabilize the temperature during the measure-

ments. Therefore, the Langmuir trough was streamed with cooling water. The synchrotron 

beam was monochromated by a Silicon double crystal (Si111) and a Germanium double 

crystal (Ge311) (set of two monochromators). The photon energy is adjusted to 15 keV 

which corresponds to a wavelength of 0.827 Å. Approximately 2 mm x 50 mm of the mon-

olayer surface were illuminated. The incident angle was adjusted to 0.07° to be below the 

critical angle for total external reflection for water considering the abovementioned wave-

length. In order to reduce the potential arising from mechanically excited surface waves, a 

glass block was present in the subphase. For the measurements, a Mythen (microstrip 

system for time resolved experiments) detector (DECTRIS, Baden, Switzerland) was ro-

tated around the sample to detect the intensity of the diffracted beam as a function of the 

vertical scattering angle αf and horizontal scattering angle 2. A Soller collimator (JJ X-

RAY, Denmark) was located between the sample and the detector to restrict the in-plane 

divergence of the diffracted beam. 

In order to represent the contour plots and integrate the diffraction peaks, a MatLab macro 

constructed by Frederik Neuhaus (Department of Chemistry, University of Fribourg, Swit-

zerland) and refined by Olof Gutowski (P07, DESY, Hamburg, Germany) was used. The 

integrated data were fitted as model peaks using a Lorentzian fit in the in-plane (Bragg 

peaks, Qxy) and a Gaussian fit in the out-of-plane direction (Bragg rods, Qz). Subsequent-

ly, the peak positions respectively the centers of the Bragg rods are obtained and struc-

ture relevant information is gained. This includes e.g. conclusions on the tilt angle (t), the 

cross-sectional area (A0) or the in-plane lattice area of one chain (Axy) (Kaganer et al 

1999, Kjaer 1994, Stefaniu et al 2014). The presence of one peak describes a hexagonal 

lattice of the lipid alkyl chains, two peaks stand for an orthorhombic and three peaks for an 

oblique lattice (Kaganer et al 1999). 

2.5 Total Reflection X-Ray Fluorescence (TRXF) 

2.5.1 Elementary analysis and surface concentration determination 

TRXF is a highly sensitive method for determining the surface concentration of chemical 

elements coexisting at the air-water interface (Shapovalov et al 2007, Wobrauschek 

2007). The combination of TRXF with the film balance technique allows comparing mono-

layer measurements at different conformation states of the molecules (gauche or all-

trans). The measurements are conducted at different pressures along the isotherm. Ions 

from the subphase adsorb to the charged surface in dependency on the protonation de-

gree of the monolayer. In this work, the pH dependent behavior of lipid monolayers con-

sisting of TMCL was investigated. For this purpose, 1 mM cesium subphases with differ-
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ent pH values (from pH 3.0 to pH 9.0) were prepared in order to provide a suitable ele-

ment with well-defined fluorescence bands in the preset energy range of the synchrotron 

facility. The positively charged cesium ions adsorb to the negatively charged TMCL mono-

layer in order to compensate charge. Therefore, the interface features a different ion con-

centration than the subphase by itself. In the broadest sense, an electrochemical double 

layer is present (Atkins & de Paula 2006). The higher the ionic force of attraction, the few-

er ions remain in the subphase. Here, the fluorescence intensities of Cs+ were measured 

in order to identify the protonation degree of the TMCL head groups at different pH values. 

The fluorescence intensity of cesium is proportional to the amount of Cs+ which is attract-

ed to the surface and can therefore be related to the protonation degree. Measurements 

at different pH values allow establishing a phase diagram. For the measurements, the 

monolayer surface is irradiated with monochromatic x-ray light from a synchrotron source. 

The beam is focused and then deflected. Electrons (e-) from the inner shell of an atom are 

expelled and the residual holes occupied by electrons from an outer shell. During the re-

combination process, x-rays are emitted (secondary radiation) and the energy difference 

between the shells is balanced. Due to the fact that every single element has its own spe-

cific electron shell structure which is based on the number of orbitals, the emission energy 

is characteristic. Elements with higher orbital numbers offer more possibilities for electrons 

to change the orbital. Table 2 shows the fluorescence energies for the different elements 

relevant in this work. 

Table 2: Energies for the elements considered in the present study (Sánchez del Río et 

al 2003). 

Element Energy / keV 

 Kα Kβ Lα Lβ Lγ Lι 

Phosphor (P) 2.01      

Sulfur (S) 2.31      

Argon (Ar) 2.96      

Calcium (Ca) 3.69 4.01     

Cesium (Cs)   4.29 4.62 
4.93 

5.28 
5.54 

3.80 

 

The geometry of the setting is based on total reflection and the incident angle (αi) is below 

the critical angle (αcr) (Born 1972). Atoms with an ionization potential smaller than the en-

ergy of the x-rays are excited by an evanescent wave. The evanescent field intensity of 

that wave decays exponentially with increasing distance from the sample surface corre-

sponding to: 
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Eq. 7: 𝐼𝑒𝑣 = 𝐼0 𝑒𝑥𝑝 (−
𝑧

𝑑
) 

with Iev being the intensity at a distance z from the air/water interface and d being the pen-

etration depth for the evanescent wave in water. I0 is the intensity at the interface. A more 

detailed background of the TRXF method has been published by (Shapovalov et al 2007). 

Beneath the monolayer, the counter-ion rich layer is present and interacts with the lipid 

head groups. A completely charged monolayer serves as a standard for determining the 

surface density of the probed TMCL system. In this work, behenyl sulfate (BS) was cho-

sen as reference sample as it offers a permanent charge of -1. BS has no specific interac-

tions with counter ions and the adsorption behavior is purely driven by electrostatics. For 

the standard sample, the charge density of the monolayer is equal to the surface density 

(number of head groups per surface area) as well as the number of univalent counter ions 

(here mainly Cs+). 

2.5.2 Setup 

Just as the GIXD experiments, the TRXF measurements were in a large part carried out 

at beamline P08 (PETRA III, DESY, Hamburg, Germany). The Langmuir trough is based 

in a sealed container which is flushed with Helium in order to reduce the absorption of 

low-energy fluorescence radiation and to get rid of the Argon signal in the spectra. The 

monochromatic x-ray beam was adjusted to photon energy of 15 keV. The incident angle 

was kept at 0.07°. The fluorescence signal was detected by an Amptek X-123SDD detec-

tor (Amptek, Bedford, United States of America) placed close to the level of the liquid sur-

face and almost perpendicular to the photon beam axis. This detector position was cho-

sen in order to keep the Compton scattering at the given polarization of the photons as 

low as possible. The detection of the signals occurred also within the helium flushed at-

mosphere. The footprint center of the incident beam was adjusted to the middle of the 

trough (respective the width of the trough) at the middle of the view angle of the fluores-

cence detector. 

TRXF measurements were partly performed at beamline SIRIUS (SOLEIL, Gif-sur-Yvette 

Cedex, France). The sealed container with the Langmuir trough is flushed with Helium. 

Instead of using a glass plate, the setup is located on an anti-vibration table to prevent 

interferences. The photon energy was pre-set to 10.5 keV which corresponds to a wave-

length of 1.180 Å at an incidence angle of 0.10° (1.75 mrad). The signal detection was 

succeeded by a single element silicon drift detector which was located inside the trough 

horizontal to the water surface. 
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2.6 Differential Scanning Calorimetry (DSC) 

2.6.1 Analysis of the temperature dependency of a lipid suspension 

DSC is a thermal analysis technique and useful for the determination of physical and 

chemical properties of substances in dependency on the temperature. The technique is 

based on measuring heat capacity Cp as a function of temperature. In this work, the gel to 

liquid-crystalline phase transitions of TMCL bilayers as well as of bilayers composed of 

TMCL and DMPC were investigated. With their amphiphilic character, phospholipids as-

semble spontaneously into bilayers in aqueous solutions (Gorter & Grendel 1925). The 

head groups are exposed towards the water surface and the hydrophilic tails are oriented 

inwards. The self-assembly is entropy driven and when the bilayer is formed around an 

aqueous cavity, liposomes are formed (Nelson & Cox 2000). Now, a suitable model sys-

tem for studying cell membranes is available. In the gel state, van der Waals forces lead 

to a tight packing of the phospholipids. In contrast, the phospholipids are more loosely 

oriented in the liquid-crystalline state as the van der Waals forces are weaker as well as 

the interactions between the phospholipid head groups. The phase transition temperature 

is characteristic for each compound and depends on the alkyl chain length and the nature 

of the phospholipid head group, for instance (Chapman 1975, Szoka & Papahadjopoulos 

1980). Aside from this, the main phase transition temperature (Tm) is influenced by the 

heating rate (Masberg 1999). Furthermore, (Lewis et al 2007) found out that the phase 

transitions of anionic phospholipids can be influenced by the chosen medium for preparing 

the dispersion. 

2.6.2 Setup 

DSC measurements were performed at the Austrian SAXS beamline (Elettra, Trieste, Ita-

ly). The microcalorimetry system was built by (Ollivon et al 2006) (CNRS, Paris, France). 

In the first heating and cooling cycles the heating rate was set to 2 K/min. The second 

cycles were conducted with a heating rate of 1 K/min. The temperature ranged between 

25 and 60 °C for TMCL containing samples and between 15 and 40 °C for pure DMPC 

samples. If not mentioned otherwise, the first heating and cooling cycles were neglected 

for data treatment. Tm was determined as the maximum of the heat flow curve. 
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3 Materials and Sample Preparation 

3.1 General Materials 

The phospholipids tetramyristoyl cardiolipin (TMCL), dimyristoyl phosphatidylcholine 

DMPC and dimyristoyl phosphatidic acid (DMPA) were purchased as ammonium or sodi-

um salts from Avanti Polar Lipids, Alabaster, AL, USA. Chloroform (CHCl3, >99 %) was 

bought from VWR, Vienna, Austria. For the preparation of phosphate buffered saline 

(PBS), disodium phosphate (Na2HPO4 x 2 H2O, ≥98.0 %) and monosodium phosphate 

(NaH2PO4 x 2 H2O, ≥99.0 %) were ordered from Merck KGaA, Darmstadt, Germany as 

well as boric acid (H3BO3, >99 %). Cesium hydroxide monohydrate (CsOH, ≥90.0 %), 

EDTA (≥99.9 %), cytc (≥95 %) and phosphoric acid (H3PO4, ≥99.9 %) were purchased 

from Sigma Aldrich GmbH, Taufkirchen, Germany. Citric acid monohydrate (C6H8O7 x 

H2O, ≥99.5 %) was ordered from Carl Roth GmbH, Karlsruhe, Germany. The oxygen 

treated TMCL was kindly provided by the group of Prof. Fritz Scholz (Institute of Biochem-

istry, University of Greifswald, Germany). All subphases were prepared using Milli-Q Milli-

pore water with a specific resistance of 18.2 MΩcm. TLC was performed in cooperation 

with Prof. B. Dobner (Biochemical Pharmacy, University of Halle/S., Germany). The TLC 

plates ALUGRAM ®Xtra SIL G/UV254 were purchased from Macherey-Nagel GmbH & Co. 

KG, Düren, Germany. The solvents for TLC were pure but not distilled and dried before 

use. The detection was first done with bromothymol blue solution for the visualization of 

lipids in general. After drying the plates, phosphate spray was used to detect phosphorus 

containing spots. 

3.2 Monolayer Experiments 

For monolayer experiments, the powdered phospholipid samples were weighted on a high 

precision scale before being dissolved in chloroform (TMCL, DMPC) or chloro-

form/methanol 9:1 (DMPA). The solutions were spread onto the subphase using a 100 μl 

or 250 µl micro-syringe. After a waiting time of 10 min to assure complete solvent evapo-

ration, surface pressure/area isotherms were recorded. For IRRAS experiments, the 

measurements were started after 1 h to evaporate the solvent and to equilibrate the sys-

tem. 

3.3 DSC 

The lipids as well as the lipid mixtures were dispersed in MilliQ water. The aqueous dis-

persion contained 20wt% of the lipid respectively the lipid mixture. After hydration, the 

dispersions were vortexed, sonicated and the solvent was evaporated under a stream of 
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nitrogen. The samples were kept under vacuum overnight and afterwards hydrated. The 

sample capillaries had a diameter of 1.5 mm and were filled over a length of around 

10 mm. The capillaries were sealed with sealing wax to ensure a constant mass of disper-

sion. 
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4 Results and Discussion 

4.1 pH dependency of TMCL 

The charge of cardiolipin (CL) at different pH values remains still elusive since the acidic 

properties of the two phosphate head groups are still not completely investigated in cardi-

olipin research (Olofsson & Sparr 2013, and citations therein). Early studies referred 

strong acidic properties to the two CL phosphate groups (Coulon-Morelec et al 1962) 

whereas later on, the “acid-anion” hypothesis of (Kates et al 1993) and (Haines 2009) 

declared that the two pKa values of CL deviate widely from each other. Other studies re-

ported two negative charges of CL in cationic/anionic lipid mixtures at neutral pH 

(Tarahovsky et al 2000). This was explained with the promotion of negative curved struc-

tures upon charge neutralization in interfacial layers (Evans & Wennerström 1999). A 

study of tetramyristoyl cardiolipin (TMCL) by (Olofsson & Sparr 2013) revealed strong 

dibasic acid behavior for both phosphate groups using pH titration experiments. Addition-

ally, experiments of (Sathappa & Alder 2016) supported that both CL phosphate groups 

have low pKa values. They further found out that the head group ionization is neither in-

fluenced by the loss of the central glycerol hydroxyl group nor of an alkyl chain. Thus, the 

results of (Olofsson & Sparr 2013) and (Sathappa & Alder 2016) contradict clearly those 

ones which were gained by (Kates et al 1993) before. (Khalifat et al 2011) studied modifi-

cations in the lipid-packing of model membranes upon changes in pH. They found out that 

a pH decrease induced changes in the lipid packing and led to membrane curvature in-

stabilities. Interestingly, the CL containing membranes experienced the most relevant 

modifications. 

With all the above enumerated investigations, it becomes obvious that further characteri-

zations addressing the ionization of CL in dependency on the pH are significant for a 

deeper understanding of their function in biological membranes. The head group charge 

is, for instance, a determining factor for electrostatic interactions with and the binding of 

proteins (Kagan et al 2005). Furthermore, the distribution of head group charge influences 

interactions between lipids such as related to electrostatic interactions or hydrogen bond-

ing (Boggs 1987, Pinheiro et al 1994). 

In this work, the properties of TMCL monolayers were investigated using subphases with 

different pH values. The pH dependent dissociation behavior of CL head groups was 

probed in order to gain deeper insights into the influence of the bulk pH on the phase state 

of the phospholipid. Increasing the pH leads to a higher charge density in the monolayers. 

At low pH, the head groups should be protonated, whereas at high pH the phosphate 

groups are expected to be deprotonated. For the experiments, a 1 mM cesium containing 
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subphase was selected to provide an element with a significant fluorescence signal within 

the possible energy range to be measured at external synchrotron beamlines with TRXF. 

Depending on the desired bulk pH, 1 mM cesium hydroxide was adjusted with citric acid, 

phosphatidic acid or boric acid. The TRXF signal intensity depends on the Cs+ concentra-

tion at the surface. This can be directly related to the protonation degree of the head 

groups. To avoid competition between different cations, the used subphase only contains 

one type of cation. The measurements were performed at different pH values (from pH 3.0 

to pH 10.0). The recording of surface pressure versus molecular area isotherms was cou-

pled with IRRAS, GIXD and TRXF. These combined measurements were partly carried 

out at the synchrotron facilities DESY (Hamburg, Germany) and SOLEIL (Gif-sur-Yvette 

Cedex, France) which allow a more detailed study of TMCL at the air/water interface. 

First, the experiments were carried out with the assumption of no additional competing 

ions besides cesium inside the subphase (first part of the chapter). The π-A isotherms 

showed unexpected behavior with almost no modification at pH values from 5.0 to 9.0. 

Only later TRXF measurements detected traces of other cations (calcium) in the used 

Millipore water. These traces led to a competition between calcium and cesium ions. Sub-

sequently, TRXF measurements with bare Millipore water taken from purification systems 

at different locations offered the same results – the ultrapure water is not as clean as ex-

pected even when the specific resistance of water is correct (18.2 MΩcm). The amount of 

Ca2+ ions in the highly purified water is small (traces, effective amount not determined), 

but the influence on the interactions of Cs+ ions with the monolayer head groups is high. 

The charged TMCL head groups favor interacting with divalent calcium ions instead of 

monovalent cesium ions. Therefore, the experiments on the pH dependent behavior of 

TMCL were repeated adding ethylenediaminetetraacetic acid (EDTA) to the subphase to 

bind undesired competing calcium ions (second part of this chapter). For an even more 

detailed investigation, the phospholipid was also measured at additional pH values. The 

measurements with EDTA in the subphase showed serious disparities compared to the 

ones without the addition of EDTA. A summary of the differences between measurements 

with and without EDTA as well as an overview of the water measurements to identify the 

calcium traces are object of the third part of this chapter. 

4.1.1 Experiments on the pH dependent dissociation behavior of TMCL 

4.1.1.1 Surface pressure (π) – molecular area (A) isotherms of TMCL at different pH val-
ues 

The first experiments were performed without the addition of EDTA because I assumed 

that only cesium cations were contained in the subphase for investigating the pH depend-

ent dissociation behavior of TMCL. Figure 7 shows the π-A isotherms of TMCL at different 
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pH values. At pH 3.0, the isotherm shows only an LC phase. This is based on the fact that 

the head group is highly protonated and the absence of electrostatic repulsion enables a 

tight packing of the molecules. The π-A isotherms of TMCL at pH 5.0, 7.0 and 9.0 show a 

transition from the LE to the LC phase. The phase transitions occur at very similar pres-

sures slightly below 5 mN/m. This contrasts the expectation of a stepwise first-order 

phase transition shift to higher pressures with increasing pH. With increasing pH, the head 

group is expected to be less protonated, leading to stronger electrostatic repulsion and 

therefore to a looser packing. Only at high pH, the protonation was assumed to be that 

low already that no shift in the isotherm could be observed. The isotherms at pH 5.0, 7.0 

and 9.0 offer a kink at pressures around 18 mN/m. This kink could refer to a second-order 

phase transition that identifies the change from tilted to non-tilted chains. For more de-

tailed information, the system was further studied combining π-A isotherms with IRRAS 

and TRXF. IRRAS should reveal information about the chain conformation at different 

pressures along the isotherm and with TRXF, the unexpected behavior of TMCL at pH 

values of 5.0 and higher should be clarified. All measurements were performed at 20 °C. 

 

 

Figure 7:  π-A isotherms of TMCL on a 1 mM Cs+ containing subphase at different pH 

values and a temperature of 20 °C. At pH 3.0, the isotherm presents only an 

LC phase. At higher pH values (pH 5.0, 7.0 and 9.0), an LE-LC transition is 

obtained at very similar pressures. 

 



4 Results and Discussion  

  

- 31 - 

4.1.1.2 IRRAS of TMCL at different pH values 

The chain conformation of TMCL at different pressure values along the π-A isotherm was 

analyzed by IRRAS. Emphasizing the CH2-region of the fatty acid chains, a conformation-

al change from gauche to all-trans can be detected by a shift of the CH2-bands. During the 

transition, a shift occurs from 2924 cm-1 to approximately 2920 cm-1 for the asymmetric 

CH2-vibrations (as) and from 2854 cm-1 to 2850 cm-1 for the symmetric CH2-vibrations 

(s). The analysis of the OH band in the range from 3700 to 3200 cm-1 gives information 

about a layer thickening during the compression of the monolayer. 

Figure 8 gives an example of the IRRAS results obtained at pH 5. The measurements 

were carried out at pressures below and above the LE-LC phase transition known from π-

A isotherms. It was shown that the band of the CH2-stretching vibration changes from 

higher to lower wavenumbers during the LE-LC phase transition, indicating a conforma-

tional change from gauche to all-trans. For the asymmetric CH2-vibrations, the CH2-band 

shifts from wavenumbers of 2924 cm-1 to 2920 cm-1, and for the symmetric CH2-vibrations 

from 2854 cm-1 to 2850 cm-1. A closer look at the OH-bands gives information about a 

thickening of the layer during compression. At pressure values below the LE-LC phase 

transition, the intensity increases just slightly with increasing pressure values. A larger 

intensity increase is obtained with the phase transition from LE to LC. At pressure values 

above the phase transition, the band intensity is finally not increasing anymore. For the 

IRRAS measurements, a resolution of 8 cm-1 gives an accuracy of ± 0.5 cm-1 for the 

wavenumbers. 

 

  

Figure 8: (left) IRRA spectra of TMCL on a 1 mM Cs+ containing subphase at pH 5.0 

and 20 °C. The OH-bands show an intensity increase at pressure values 

above the LE-LC phase transition, indicating a change of the layer thickness. 

(right) The position of the CH2-stretching vibration band changes during the 
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phase transition from higher to lower wavenumbers indicating a conformation-

al change from gauche to all-trans. 

 

4.1.1.3 TRXF of TMCL at different pH values 

TRXF measurements provide information about the ionization state of the head groups by 

determining the amount of cesium bound as counter ion to the charged head group at 

different pressures and pH values. Here, the TMCL monolayer was spread on a 1 mM Cs+ 

containing subphase with the aim of correlating the amount of head group bound cesium 

with the protonation degree at the different pH values. To prevent a competition for inter-

actions with the charged head groups, the subphase should contain only one type of cati-

on. The analysis of the TRXF data obtained at SIRIUS beamline (SOLEIL, Gif-sur-Yvette 

Cedex, France) indicated that the systems contain traces of calcium ions. Water meas-

urements conducted at a later time showed that calcium is already present in the Millipore 

water and impurities of the buffer substances can be excluded (ch. 4.1.3.3). The divalent 

calcium competes with the monovalent cesium successfully even if there are only traces 

of calcium. Figure 9 shows a nearly complete protonation of the TMCL head groups at 

pH 3.0. With increasing pH, the system reacts in an unexpected way as far as interactions 

with cesium are concerned. This behavior can be explained by the presence of competing 

calcium ions in the subphase. The signal intensity is not increasing in line with increasing 

pH (higher deprotonation). For the cesium bands, the signal intensities at pH 7.0 and 9.0 

are lower than at pH 5.0 and 6.0. It may be possible that due to the decreasing protona-

tion degree, the influence of calcium is the most intense at pH values above 6.0. Summa-

rizing, the line intensity increases stepwise up to pH 6.0 and drops abruptly down at 

pH 7.0 before slowly increasing again. Due to a higher protonation degree, the influence 

of calcium seems to be weaker at low pH values (pH 3.0). As the amount of calcium trac-

es in the subphase is unknown, the influence on the competition with cesium ions cannot 

be directly quantified. The TMCL head groups favor the interaction with the divalent calci-

um instead of interacting with the monovalent cesium. However, the higher charge of cal-

cium ions might not explain the high preference. Interactions of the phosphate groups with 

calcium ions other than pure electrostatics could be a significant factor. The TRXF calcium 

lines are visible at 3.69 and 4.01 keV. 

 



4 Results and Discussion  

  

- 33 - 

 

Figure 9: TRXF signal intensities in the energy range from 1 keV to 6 keV at different pH 

values. At pH 3.0, the head groups of TMCL are almost completely protonat-

ed, at pH 10.0 nearly completely deprotonated. The TRXF measurements 

show an unexpected behavior for pH values around 7.0 due to traces of diva-

lent Ca ions in the subphase which lead to a competition with monovalent Cs 

(1 mM) for interactions with the charged TMCL head groups. 

 

The influence of calcium was determined by using behenyl sulfate (BS) as a standard with 

known charge density. BS has a permanent charge of -1. The molecular area of BS 

amounts to ~24 Å2 and that one for TMCL to ~80 Å2. Figure 10 shows the TRXF band 

intensities of TMCL (black) and BS (red) on 1 mM cesium subphases at pH 7.0. For both 

measurements, it can be clearly seen that besides the cesium ions also calcium ions are 

present in the subphase and adsorbed to the charged monolayer. The intensity ratio of the 

Cs+ and Ca2+ bands is the result of the much higher cesium concentration in the sub-

phase. The Ca traces in the used Millipore water must be one or two magnitudes smaller 

than the Cs concentration. Compared to completely deprotonated TMCL, the charge den-

sity of a BS monolayer is ~1.7 times higher (BS: 0.042 e-/Å2 and TMCL: 0.025 e-/Å2). 

Therefore, the fluorescence band intensity should also be ~1.7 times higher comparing 

BS with TMCL monolayers. In the presented case, the intensity of the Cs Lα-band is 4.3 

times higher with BS monolayers than TMCL monolayers. This would indicate that TMCL 

is only 40% deprotonated under such conditions. However, one has to take into consider-

ations the competing adsorption of Ca2+ cations. Surprisingly, the Ca Kα-band has the 

same intensity for BS and TMCL (at pH 7.0). This shows clearly that TMCL favors the 
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adsorption of calcium ions (Ca2+) compared to cesium ions (Cs+). The adsorption behavior 

of the reference substance BS is purely driven by electrostatics because BS has no spe-

cific interaction with the counter ions. Besides electrostatic interactions, the charged 

phosphate groups of TMCL could exhibit ion specific interactions around the physiological 

pH. This leads to a preferred interaction of the phosphate groups with Ca2+ ions and 

causes the intensity drop of the Cs+ Lα-band between pH 6.0 and pH 7.0. The sulfur band 

results from the sulphate group of the amphiphile forming the monolayer. 

 

 

Figure 10: TRXF spectra of TMCL (black) and BS (red) at pH 7.0. The temperature of the 

measurements was set to 20 °C. The intensities of the Ca Kα lines are the 

same for TMCL and BS. 

 

Plotting the single line intensities versus the pH points out the abrupt intensity drop of ce-

sium at pH values in the range of pH 7.0 (figure 11, left). Before and after this drop, the 

intensity increases almost linearly. The calcium line intensity tends to increase consistent-

ly but not linearly. The cesium intensity drop at pH 7.0 could also be associated with a 

stronger calcium intensity increase at that point. Perhaps, Ca2+ ions have a stronger influ-

ence around the physiological pH of 7.0, leading to a higher influence of calcium on the 

head group interactions with Cs+. The difference of the element emission lines (L-spectral 

line for cesium and K-spectral line for calcium) might also influence the behavior of cesium 

and calcium towards each other. As the amount of calcium traces in the subphase cannot 
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be quantified, a qualitative analysis relating to the pH dependent ion number increase in 

the layer was conducted (figure 11, right). For this purpose, the line intensities were cor-

rected with the fluorescence yield. The fluorescence yield describes how likely it is for an 

x-ray photon to leave an atom directly and without being absorbed by another electron. 

More precisely, it defines the number of emitted versus absorbed photons. After an elec-

tron has been stimulated to move out of a shell close to the core, the originated defect is 

balanced by electrons of higher energies. During this process, energy can be released in 

two competing ways. Either the x-ray photon is liberated directly (without any interactions 

within the atom) or as a so called AUGER electron (the x-ray photon interacts with elec-

trons of higher shells within the atom and thereby loses its energy) (Haupt 1999, Lakowicz 

2006). The intensities of Cs (Lα) and Ca (Kα) at different pH values were multiplied with the 

appropriate fluorescence yield values (0.049 for Cs (Lα) and 0.151 for Ca (Kα)) (Sánchez 

del Río et al 2003). Afterwards, the fluorescence yield corrected intensity values of cesium 

and calcium at the same pH were summed up. The plot of the corrected intensities versus 

the pH shows an increase of the intensities (sum total of calcium and cesium) with in-

creasing pH. Between pH 3.0 and pH 5.0, the line intensity is steeply rising and stays in 

the same range for pH 6.0 and 7.0 before it increases again slightly at pH 9.0 and 10.0. 

Considering the error bars of the plotted curve, pH 7.0 and pH 10.0 do not fit the curve. 

This could be a hint at not fully deprotonated head groups even at high pH values 

(pH 10.0). However, accumulating the line intensities of cesium and calcium gives a good 

impression of the total adsorption behavior of the elements in dependency on the pH. Af-

ter almost completely protonated head groups at low pH, the system starts to deprotonate 

until reaching nearly complete deprotonation of the head groups at high pH values. 

 

  

Figure 11: (left) Line intensities of Cs (Lα, black) and Ca (Kα, red) versus the pH. Cs 

shows an abrupt intensity decrease from pH 6.0 to pH 7.0 whereas the Ca in-

tensity is further increasing. (right) Sum total of the line intensities of cesium 

and calcium versus the pH. The curve guides the eye and shows the range 
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from almost completely protonated to almost completely deprotonated head 

groups. The line intensities were corrected with the fluorescence yields of ce-

sium and calcium. 

 

4.1.2 Experiments on the pH dependent dissociation behavior of TMCL adding 
EDTA to the subphase 

4.1.2.1 Surface pressure (π) – molecular area (A) isotherms of TMCL at different pH 
values 

To avoid the influence of competing divalent calcium ions on the head groups of the 

TMCL monolayer, 0.1 mM of the complexing agent ethylenediaminetetraacetic acid 

(EDTA) was added to the 1 mM cesium subphase. The supplementary EDTA should lead 

to a reliable system with only one type of cation in the subphase forming the electrical 

double layer at the negatively charged surface. EDTA binds divalent ions and only mono-

valent ions are allowed to adsorb to the charged monolayer. Figure 12 compares π-A iso-

therms of TMCL at different pH values. At pH 3.0, the molecules are in the condensed 

state at all lateral pressures. The almost complete protonation of the head groups allows a 

tight packing of molecules, due to reduced electrostatic repulsion of the head groups. For 

all other pH values (pH 4.0 to pH 9.0), an LE-LC phase transition is visible. The phase 

transition pressure increases with rising pH in accordance with an increasing protonation 

degree. With increasing pH, the length of the LE-LC plateau decreases. For pH values of 

7.0 and higher, the LE-LC phase transition occurs nearly at the same pressure values and 

only a slight pressure increase can be observed. The reason for this could be that the 

head groups are almost completely deprotonated at pH 7.0. Attention should also be di-

rected on the course of the plateau. Depending on the pH value, the plateau region is in-

clined to a higher or lesser extent. This becomes noticeable in differences of the starting 

(πLE) and ending (πLC) points of the plateau region. This behavior refers to dissimilar mol-

ecules within the monolayer where protonated and deprotonated head groups are existent 

in an equilibrium state. The plateau region is most inclined at pH 4.0 and 5.0. 

For higher pH values and therefore mostly deprotonated head groups, the plateau is less 

inclined. At pH 3.0, 4.0 and 5.0, a kink is observed in the course of the isotherm (pH 3.0: 

10.4 mN/m, pH 4.0:16.5 mN/m and pH 5.0: 24.3 mN/m). This kink could refer to a second 

order phase transition which defines the transition from tilted to non-tilted chains. Parallel 

to the first-order phase transition, the second-order phase transition is also shifted to 

higher pressures with increasing pH. For pH values higher than 5.0, no second order 

phase transitions became evident in the course of the isotherms. Therefore, GIXD exper-

iments are useful to receive information about the pressures of the transition from tilted to 

non-tilted chains. The recorded π-A isotherms of TMCL on subphases with additional 
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EDTA show distinct different behavior compared to those ones without EDTA. This could 

be a first hint that the monolayer interacts only with cesium which is present in the sub-

phase and does not show the unrequested calcium bands in the TRXF spectra. 

 

 

Figure 12: Surface pressure-area isotherms of TMCL on a 1 mM Cs subphase with 

0.1 mM EDTA to bind divalent cations at different pH values and a tempera-

ture of 20 °C. With increasing pH, the transition from LE to LC is shifted to 

higher pressure values. The LE-LC shift to higher pressures with increasing 

pH is relatively large at lower pH values (pH 3.0, 4.0, 5.0 and 6.0) and only 

marginal at higher pH values (pH 7.0, 8.0 and 9.0). 

 

The phase transition values (starting and ending points of the plateau) of TMCL are repre-

sented in table 3. πLE describes the starting and πLC the ending pressure value of the plat-

eau region. Correspondingly, ALE specifies the start and ALC the end of the plateau region. 

As mentioned above, the plateau region of the isotherm is inclined at some pH values. A 

closer look at the starting and end point values of the plateau region shows higher dis-

crepancies (Δπ) for pH 4.0 and 5.0 (3.3 and 2.1 mN/m) than for all other pH values. The 

discrepancies for pH values between 6.0 and 9.0 are in the same range (0.7 to 

0.9 mN/m). The variance from horizontality can be justified with dissimilar molecules with-

in the monolayer at some pH values (mainly from pH 4.0 to 5.0). Here, the coexistence of 

differently protonated species must be the reason for the relatively large pressure range 
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for the LE-LC transition. At pH 3.0 as well as at pH values of 7.0 and higher, mainly one 

species is present in the monolayer leading to a less steeply plateau variance. 

 

Table 3: Thermodynamic parameters of the LE-LC phase transitions (πLE, πLC, Δπ, ALE, 

ALC, ΔA) obtained by π-A isotherms. The phospholipid TMCL was investigated 

on a 1 mM cesium subphase at different pH values from 3.0 to 9.0 and a tem-

perature of 20 °C. 

pH πLE, 
mN m

-1
 

πLC, 
mN m

-1
 

Δπ, 
mN m

-1
 

ALE, 
Å

2
 molecule

-1
 

ALC, 
Å

2
 molecule

-1
 

ΔA, 
Å

2
 molecule

-1
 

3.0 - 0.3 0.3 - 88 - 

4.0 1.4 3.7 3.3 156 88 68 

5.0 5.4 7.5 2.1 150 91 59 

6.0 12.5 13.4 0.9 131 90 41 

7.0 14.4 15.1 0.7 127 91 36 

8.0 14.7 15.4 0.7 126 91 35 

9.0 15.5 16.3 0.8 124 93 31 

 

The πLE and πLC transition pressures versus the different pH are shown in figure 13. As 

described above, the LE-LC transitions (black for πLE and red for πLC) are shifted to higher 

pressures with increasing pH values. The shift is nearly linear from pH 3.0 to pH 6.0 and 

assimilates from pH 7.0 to pH 9.0. This behavior can be explained with the protonation 

degree at the different pressure values. From pH 3.0 to pH 7.0, the charge density chang-

es from an almost completely protonated state at pH 3.0 to a rather deprotonated state at 

pH 7.0. The changes from pH 7.0 to pH 8.0 and 9.0 are only marginal and lead to almost 

completely deprotonated head groups. As pressure equality is finally not observed at high 

pH, it may be supposed that the head groups are still not entirely deprotonated at pH 9.0. 
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Figure 13: The diagram shows the LE-LC transition pressures (πt) of TMCL versus the 

bulk pH. The data points represent the start (black, πLE) and end (red, πLC) 

points of the TMCL LE-LC transitions at different pH values between 3.0 and 

9.0. The measurements were carried out at 20 °C. The dashed lines are guide 

for the eyes only. 

 

4.1.2.2 GIXD of TMCL at different pH values 

GIXD measurements of TMCL on 1 mM cesium subphases were performed at the high-

resolution beamline P08 (PETRA III, DESY, Hamburg, Germany). Synchrotron x-ray dif-

fraction experiments enable the detection of phase changes in the system at the intermo-

lecular level (Kaganer et al 1999). In this work, the nomenclature of phase transitions ob-

tained from GIXD data follows especially (Harkins & Copeland 1942) and (Ställberg-

Stenhagen & Stenhagen 1945, Stenhagen 1955) and is partially based on the research of 

(Lundquist 1978). From Langmuir isotherm measurements, the denotations of the liquid-

expanded and liquid-condensed phase have already been defined (LE for the liquid-

expanded and LC for the liquid-condensed phase). (Harkins & Copeland 1942) and (Ställ-

berg-Stenhagen & Stenhagen 1945) abbreviated the liquid-expanded phase also L1. Con-

cerning π-A isotherm measurements, only a transition from the LE to the LC phase is 

known. As the LC phase could offer different phase states, the phospholipid was investi-

gated with the help of GIXD. The different liquid condensed phases were defined as 

oblique, L2 (also called condensed tilted by (Lundquist 1978), denotation for the LC ortho-

rhombic phase) and LS (superliquid, also called condensed vertical by (Lundquist 1978), 
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denotation for the LC hexagonal phase). The molecules are tilted in the oblique and L2 

phases and in upright position in the LS phase. 

The experiments were performed at different pH values in order to identify the influence of 

the protonation degree on the phase structure of the anionic phospholipid. As GIXD pro-

vides knowledge about the chain lattice structures of condensed monolayers, the meas-

urements were started at pressure values above the LE-LC phase transition. Figure 14 

shows the contour plots of the diffracted intensities versus the in-plane (Qxy) and out-of-

plane (Qz) components of the scattering vector of TMCL. The phospholipid forms an 

oblique structure at low lateral pressures indicated by three Bragg peaks at all pH values. 

Further compression results in a reduction of the tilt angle leading firstly to an orthorhom-

bic structure indicated by two Bragg peaks and finally to a hexagonal packing of non-tilted 

chains indicated by one Bragg peak at the horizon. 

 

Contour plots: pH 3.0 

 

Contour plots: pH 3.5 
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Contour plots: pH 4.0 

 

Contour plots: pH 4.5 

 

Contour plots: pH 5.0 
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Contour plots: pH 5.5 

 

Contour plots: pH 6.0 

 

Contour plots: pH 6.5 
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Contour plots: pH 7.0 

 

Contour plots: pH 7.5 

 

Contour plots: pH 8.0 
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Contour plots: pH 9.0 

 

Figure 14: The selected contour plots show the x-ray intensities versus the in-plane (Qxy) 

and out-of-plane (Qz) components of the scattering vector of TMCL in depend-

ency on the subphase pH. At every pH value, GIXD measurements were per-

formed at various pressure values along the LC part of the isotherm. The 

measurements were conducted on 1 mM Cs subphases containing 0.1 mM 

EDTA to bind divalent cations. The temperature was set to 20 °C. 

 

Determining the tilting transition pressure assumes a constant cross-sectional area of the 

chains and a nearly linear pressure-area relationship in the condensed state of the iso-

therm. The modified Landau theory states, that with a lattice distortion only based on the 

tilt of the molecules, the plot of the lattice distortion (d) versus the sinus square of the tilt 

(sin2(t)) is linear and extrapolation leads to zero distortion for non-tilted chains in the LS 

phase (Kaganer et al 1999, Kaganer & Loginov 1995). A split of the diffraction peak can 

be referred to a distortion of the unit cell (Dutta 2000). Receiving the tilt angle (t) of the 

alkyl chains at different pressures in the LC state imparts knowledge about the tilting tran-

sition pressure πt (transition from tilted to non-tilted chains) and leads to information about 

zero distortion for non-tilted chains. The tilting transition pressures of TMCL at different pH 

values are yielded through the extrapolation of 1/cos(t) to 1 versus the surface pressure 

(π) (cf. appendix, figure 63). Upon compression of the monolayer, the tilt angle of the 

chains (t) decreases as well as the distortion value (d). Information about structural pa-

rameters of TMCL at different pH values is provided in the appendix (table 15). Approving 

the above described extrapolation (1/cos(t) versus π), the cross-sectional area of the hy-

drocarbon chains in all-trans conformation remains nearly constant during compression 

and is in the same range for all pH values. On average, the value for the cross-sectional 

area amounts to 20.1 Å2. By trend, the correlation length is increasing during compression 

indicating a packing of the molecules with less defects in the monolayer. 

http://vader.phys.northwestern.edu/currsci.pdf
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Figure 15 shows that the alkyl chains of TMCL are stronger tilted in the range from pH 6.0 

to 9.0 than from pH 3.0 to 5.0. With increasing pH, the charge of the head groups increas-

es. This leads to stronger head group repulsions and therefore to a stronger tilting of the 

chains. 

 

 

Figure 15: The tilt (t) of the alkyl chains versus the surface pressure (π) of the monolayer 

at different pH values as indicated. Increasing the pH leads to a stronger tilt of 

the chains. The measurements were conducted on 1 mM cesium subphases 

at 20 °C. The dashed lines are guides for the eyes only. 

 

From pH 3.0 to 6.5, the tilting transition pressure values (L2-LS transitions) increase al-

most linearly with rising pH values. For pH 7.0 to 9.0, the transition pressure is still in-

creasing but with a lower slope (figure 16). As already mentioned, this behavior can be 

explained with almost completely deprotonated TMCL head groups at pH 7.0 and higher. 

The π-A isotherms at pH values from 3.0 to 5.0 indicate a second order phase transition 

which identifies the transition from tilted to non-tilted chains (tilting transition pressure). 

The tilting transition pressures obtained from π-A isotherms are smaller than those from 

GIXD measurements (pH 3.0: 10.4 mN/m compared to 12.5 mN/m, pH 4.0: 16.5 mN/m 

compared to 20.4 mN/m, pH 5.0: 24.3 mN/m compared to 27.8 mN/m). It can be expected 

that the π-A isotherms only indicate the starting point of the phase transition whereas 

GIXD data show the point of the complete transition. Additionally, small discrepancies of 

isotherm and GIXD measurements could be due to the different observation modes. The 
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π-A isotherm measurements were carried out in a continuous compression mode of 

5 Å2 molecule-1 min-1 and the GIXD measurements in a stepwise compression mode with 

waiting time at the certain pressure values. The waiting time depends on the experimental 

conditions (e.g. set-up and scan range) and lasts 10–20 minutes. A higher compression 

speed leads to a faster organization of the molecules and a phase transition at lower 

pressure values (Kensbock 2017). The second order phase transitions occur in depend-

ency on the pH just like the first order (LE-LC) phase transitions observed in the π-A iso-

therms. The course of the transitions from tilted to non-tilted chains (L2-LS) is similar to the 

one observed for the LC transitions from oblique to orthorhombic (obl.-L2) – the transition 

pressures increase with increasing pH (increasing ionization state) and are finally almost 

similar for almost completely deprotonated head group states. The values for the obl.-L2 

transitions were estimated from GIXD data (table 4). Depending on the interval between 

the crucial pressures, the value is more or less precise, but gives a good approximation. 

 

 

Figure 16: The diagram illustrates the GIXD transition pressures of TMCL at different pH 

values, the LC transition from oblique to orthorhombic (blue, estimated) and 

the LC transition from tilted to non-tilted chains (magenta). The measurements 

were carried out at pH values from 3.0 to 9.0 and a temperature of 20 °C. The 

dashed lines are guide for the eyes only. 
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Table 4: Parameters of the phase transitions obtained by GIXD measurements, πt 

oblique to orthorhombic (obl.-L2) and πt tilted to non-tilted (L2-LS). 

pH πt (oblique to orthorhombic) 
mN m

-1
 

πt (tilted to non-tilted) 
mN m

-1
 

3.0 5.0 12.5 

3.5 9.0 16.6 

4.0 12.0 20.4 

4.5 14.5 23.6 

5.0 15.5 27.8 

5.5 21.0 32.2 

6.0 24.0 33.8 

6.5 31.0 41.2 

7.0 32.0 39.5 

7.5 33.0 44.5 

8.0 34.0 43.1 

9.0 37.5 45.7 

 

4.1.2.3 TRXF of TMCL at different pH values 

To avoid the previously identified influence of competing calcium ions in the subphase, the 

complex building agent EDTA was added to the subphase. With this, only the amount of 

cesium bound as counter ion to the charged head groups should be determined at differ-

ent pH values. Subsequently, the amount of head group bound cesium can be correlated 

with the protonation degree. TRXF measurements with EDTA in the subphase were per-

formed at the beamline P08 (PETRA III, DESY, Hamburg, Germany). The fluorescence 

spectra (figure 17) show almost completely protonated head groups at pH 3.0 indicated by 

low cesium band intensities. Due to a lower protonation degree, the band intensities in-

crease with rising pH. At pH 9.0, the phospholipid head groups are completely deproto-

nated. At low pH values, additional lines can be observed in the spectra at energies of 3.7 

and 4.0 keV. These lines refer again to calcium (Kα and Kβ). At low pH (pH < 5), EDTA is 

below the pKs value of acetic acid (pKs 4.76). Therefore, it cannot complexate calcium. 

Due to the binding of calcium by EDTA, a notable intensity decrease for the calcium lines 

is observed from pH 5.0 to 5.5. The calcium lines for pH 5.5 and 6.0 are less intensive 

than the lines at lower pH values. From pH 6.0 to pH 9.0, EDTA builds an entire complex 

with calcium, which is no longer visible in the spectrum. Instead, an additional cesium 

band becomes visible (at low pH overlaid by Ca). 
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Figure 17: The diagram compares the fluorescence line intensities of TMCL on a 1 mM 

cesium subphase with 0.1 mM EDTA at different pH values. At pH 3.0, the 

TMCL head groups are almost completely protonated and at pH 9.0 complete-

ly deprotonated. The line intensity of the cesium bands increases with higher 

pH (lower protonation degree). At low pH values, competing calcium ions are 

not bound by EDTA (energy Ca (Kα) = 3.7 keV). The temperature was adjust-

ed to 20 °C. 

 

Figure 18 reveals a closer look on the line shift from calcium to cesium depending on the 

efficacy of EDTA. At low pH values, the Cs Lι line is overlaid by the Ca Kα line. The in-

creasing ability of EDTA to bind calcium can be clearly seen with increasing pH. Due to a 

higher protonation degree at lower pH, the influence of calcium should be lesser than at 

higher pH. With increasing pH, the capability of EDTA to bind calcium arises and calcium 

is complexed. Therefore, the system is assumed to be reliable. According to this, the line 

intensity of cesium increases with rising pH as expected for a higher deprotonation de-

gree. 
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Figure 18: The chart illustrates the ability of EDTA to bind calcium at pH values higher 

than 5.0. From pH 3.0 to pH 5.0, the cesium Lι line is completely covered by 

the calcium Kα line. With the binding of calcium by EDTA, the line intensity of 

calcium becomes weaker (pH 5.5 to pH 6.0) and the cesium line becomes vis-

ible. From pH 6.5 to pH 9.0, the cesium line is fully visible. 

 

In order to gain conclusions about the protonation states of TMCL, the line intensity ratios 

of the TRXF measurements of TMCL and the standard BS were compared at different pH 

values. The fluorescence band intensity of a BS monolayer should be ~1.7 times higher 

compared to a completely deprotonated TMCL monolayer. Figure 19 shows the TRXF 

spectrum of the BS monolayer compared to the spectrum of the TMCL monolayer at 

pH 7.0 (left) and pH 9.0 (right). For the TMCL monolayer at pH 7.0, the signal intensities 

of BS are ~2.2 times higher. This is a clear indication for not yet completely deprotonated 

head groups. Comparing the cesium line intensities of the BS monolayer with the line in-

tensities of the TMCL monolayer at pH 9.0, reveals indeed information about completely 

deprotonated TMCL head groups. The BS signal intensity is nearly 1.7 times higher than 

the one of TMCL. Furthermore, this is an important affirmation about that no other cations 

(beside cesium) are competing for interactions with the TMCL head groups. As BS has no 

specific interactions with the counter ions, the adsorption behavior is only depending on 

electrostatic interactions. In contrast, the charged TMCL phosphate groups could feature 

ion specific interactions beside electrostatic ones. 
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Figure 19: Comparison of the line intensities of the reference substance BS (red) and 

TMCL (black) at pH 7.0 (left) and pH 9.0 (right) at 20 °C. At pH 9.0, the head 

groups are almost completely deprotonated. 

 

In order to determine the charge of TMCL, the cesium Lα line intensities were corrected 

with the layer thickness of TMCL and BS, respectively. Figure 20 (left) shows the correct-

ed line intensities of TMCL versus the bulk pH. The intensity of the Lα bands of the Cs+ 

ions increases with increasing pH due to higher deprotonation of TMCL. From pH 4.0 to 

pH 5.0, the intensity is in the same range. This behavior can be justified with competing 

Ca2+ ions in the subphase due to a not yet occurring complexation of Ca2+ by EDTA. The 

complex building agent EDTA does not bind ions below the pKs value of acetic acid 

(4.76). Therefore, Ca2+ is still competing with Cs+ for interactions with the phospholipid 

head groups at low pH values. Between pH 5.0 and pH 5.5, a stronger intensity increase 

occurs due to complexation of Ca2+ by EDTA. Following, the line intensity increases nearly 

linear but with inconstancy. Plotting the charge of TMCL versus the bulk pH (figure 20, 

right), yields the same smeared course. The charge density was determined by comparing 

the spectra of TMCL and BS. For both spectra, the Cs Lα intensities were corrected with 

the respective corrections for the layer thickness. At pH 3.0, the charge density is very low 

(0.1) which refers to almost completely protonated head groups. For pH 4.0 to 5.0, the 

charge is in the same range (~0.4) and more than doubled at pH 5.5 (~1.0). A charge of 

~2.1 at pH 9.0 refers to fully deprotonated head groups. The diagram does not allow a 

declaration about the two pKs values for the phosphate groups of TMCL. But it may be 

possible that the ionization of the two phosphate groups is influenced by each other and 

the pKs values are shifted to higher respectively lower values. The course of the charge 

versus pH dependency is unsteady. In the range between pH 4.0 and pH 5.0, the un-

steadiness results most probably from the influence of competing calcium. From pH 6.0 to 

pH 9.0, the stepped course may result from approaching the state of almost completely 

deprotonated head groups. Considering the foresaid explanations, the charge versus pH 
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dependency has a linear tendency. Nonetheless, precise statements concerning the pKs 

values are not possible. However, an important conclusion is the elevation of the charge 

density over the entire pH range from pH 3.0 to pH 9.0.The TMCL charge densities at 

different pH values are also listed in table 5. 

 

  

Figure 20: The diagram shows the layer thickness corrected intensities of the Cs (Lα) 

lines versus the bulk pH (left) as well as the charge of TMCL versus the bulk 

pH (right). The measurements were carried out at pH values from 3.0 to 9.0 

and a temperature of 20 °C. 

 

Table 5: Charge density values of TMCL in dependency on the bulk pH. The values 

were obtained by comparing the TMCL line intensities with those ones of the 

standard substance BS. The error was estimated (5 %). 

pH charge error 

3.0 0.1 +/- 0.0  

3.5 0.3 +/- 0.0 

4.0 0.5 +/- 0.0 

4.5 0.4 +/- 0.0 

5.0 0.4 +/- 0.0 

5.5 1.0 +/- 0.1 

6.0 1.3 +/- 0.1 

6.5 1.3 +/- 0.1 

7.0 1.6 +/- 0.1 

7.5 1.6 +/- 0.1 

8.0 1.9 +/- 0.1 

9.0 2.1 +/- 0.1 
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4.1.2.4 Summary and conclusions 

The anionic phospholipid CL plays an important role in mitochondrial bioenergetics and its 

head group contributes to the surface charge density of membranes (Sathappa & Alder 

2016). This fact leads to a basic necessity of investigating the acidic properties of the CL 

head groups to comprehend their biological function. Although several studies have al-

ready addressed the ionization behavior of CL, there is still a huge requirement for further 

investigations since some of the measurements are contrary. For instance, (Kates et al 

1993) published, that the two pKa values of CL differ widely from each other. Their model 

was accepted for several years until later studies offered contradictory results. (Olofsson 

& Sparr 2013) published, that both phosphate groups behave as strong acids with pKa 

values around the first pKa of phosphoric acid and one unit larger. This was underlined by 

investigations of (Sathappa & Alder 2016). 

In this work, the influence of the protonation degree on the phase state of TMCL was stud-

ied at different pH values. In addition, the structures of TMCL at various pressures in the 

LC phase were determined. For this purpose, π-A isotherm measurements were coupled 

with GIXD and TRXF. The π-A isotherms at different pH values revealed that the LE-LC 

transition is shifted to higher pressures with increasing pH. For low pH values in the range 

from pH 3.0 to pH 6.0, the shift is relatively large whereas it is only marginal for values 

from pH 7.0 to pH 9.0. The small shifts in the higher pH range might result from almost 

completely deprotonated head groups at pH 7.0. The results may converge to observa-

tions made by (Sathappa & Alder 2016) in which tetraoleoyl cardiolipin (TOCL) was found 

to be fully ionized at pH 7.5. GIXD measurements provided knowledge about the chain 

lattice structures of the condensed TMCL monolayers. For all pH values, the phospholipid 

formed an oblique structure at lower later pressures of the LC phase. Upon compression, 

the tilt angle of the alkyl chains was reduced and the structure changed to orthorhombic. 

For the non-tilted state of the chains, a hexagonal packing was observed. The hexagonal 

packing is also known from literature and refers to the conical shape of CL (Osman et al 

2011, Sathappa & Alder 2016). Depending on the subphase pH, the alkyl chains were 

tilted to a greater or lesser extent in the early LC state. Higher pH leads to stronger repul-

sions of the lipid head groups and facilitate the tilting of the chains. In figure 21, the differ-

ent phase transitions of TMCL on 1 mM cesium subphases at different pH values are 

shown. The Langmuir isotherm measurements provided information about the pressures 

of the LE-LC transition at different pH values (first-order phase transition). The starting 

(black) and ending points (red) of the LE-LC transition offered a discrepancy in pressure 

(Δπt) when protonated and deprotonated species existed simultaneously in the monolay-

er. This was especially the case for pH values between pH 4.0 and pH 6.0. At pressures 
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above the LE phase, the molecules were in an oblique LC phase. Upon further compres-

sion, the oblique phase changed to orthorhombic (obl.-L2, blue). The obl.-L2 transition 

pressures were estimated from GIXD data. The course of the eye’s guideline is very simi-

lar to the one representing the transition from the orthorhombic to the hexagonal phase 

(L2-LS, magenta). This indicates a steady straighten up of the alkyl chains in the LC phase 

at all pH values. As observed for the first-order phase transitions, also the second-order 

phase transitions increased almost linearly from pH 3.0 to pH 6.5 and only slightly from 

pH 7.0 to pH 9.0. The results affirm almost completely deprotonated TMCL head groups 

at pH 7.0 and higher. 

 

 

Figure 21: The diagram summarizes the different phase transition pressures of TMCL in 

dependency on the pH. The LE-LC transitions (start, black and end, red) were 

obtained by π-A isotherms and the LC transitions obl.-L2 (oblique to ortho-

rhombic, blue, estimated) and L2-LS (tilted to non-tilted chains, magenta) by 

GIXD data. The pH values varied from 3.0 to 9.0 and the temperature was set 

to 20 °C. The dashed lines are guide for the eyes only. 

 

In order to determine the charge of the TMCL head groups at different pH values, TRXF 

measurements were performed. For this purpose, the TMCL monolayers were probed on 

subphases containing 1 mM cesium. The negatively charged phosphate groups of TMCL 

adsorb the positively charged cesium ions from the subphase in order to compensate 

charge. The amount of cesium which is adsorbed to the TMCL monolayer depends on the 
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protonation degree of the head groups. Correlating the fluorescence line intensities of 

TMCL with those ones of the standard BS, enables the determination of the charge of 

TMCL. The TMCL measurements showed almost completely protonated head groups at 

pH 3.0 and completely deprotonated head groups at pH 9.0. By trend, the charge of 

TMCL increased with increasing pH. Due to inconstancies, a smeared course of the curve 

was obtained and a precise declaration about two pKs values of the phosphate groups is 

not possible. (Olofsson & Sparr 2013, Sathappa & Alder 2016) published about strong 

dibasic acid behavior for both phosphate groups. Their experiments started already at pH 

2.0 whereas the measurements in this work started at pH 3.0. Furthermore, (Sathappa & 

Alder 2016) published about fully deprotonated phospholipid head groups at pH 7.5. Here, 

completely deprotonated head groups were detected at pH 9.0 and, considering the error 

range, at pH 8.0. The differences might be a result of different experimental conditions. 

(Sathappa & Alder 2016) probed lipid dispersion under physiologically relevant concentra-

tions. Here, emphasis was set on the unambiguous assignment of the TRXF bands. 

Therefore, the experiments were carried out using a 1 mM cesium subphase. 

 

4.1.3 Accentuation of the differences between experiments without and with 
EDTA in the subphase and presentation of ultrapure water measurements 

Concluding, the difficulties of calcium traces in the used ultrapure water (also called Milli-

pore water) are discussed and the differences between the experiments without and with 

EDTA in the subphase are summarized. Initially, the experiments were conducted assum-

ing that only cesium cations were contained in the subphase. But measurements of π-A 

isotherms showed uncertainties about the pH dependent behavior of TMCL. The phase 

transitions did not occur as expected in comparison to each other. For a more detailed 

investigation, external synchrotron radiation studies were performed. TRXF was my meth-

od of choice to determine the surface concentration of chemical elements adsorbed to the 

air-water interface. The measurements showed traces of calcium in the used Millipore 

water which led to a competition between calcium and cesium ions. As the phospholipid 

head groups favor the interaction with the divalent calcium instead of the monovalent ce-

sium ions, the influence of unrequested calcium residues is immense. For a better identifi-

cation of the calcium traces, TRXF measurements with bare Millipore water (no addition of 

cesium) taken from purification systems at different locations were performed. Calcium 

was observed in all Millipore water samples even if the resistivity value is 18.2 MΩcm. The 

maximum resistivity value of 18.2 MΩcm for ultrapure water arises from water dissociation 

at 25 °C and ensures an overall concentration of ions below 1 ppb (1 μg/l) (Mabic et al 

2007). Subsequently, the measurements on the pH dependency of TMCL were continued 
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with the addition of 0.1 mM EDTA to the 1 mM cesium subphases in order to bind compet-

ing calcium ions. Indeed, Ca2+ ions are complexed by EDTA at pH > 5. The results of the 

measurements without and with EDTA were discussed in detail in the two previous parts 

of this chapter. The disparities are compared in this part of the chapter. Finally, a sum-

mary of the water measurements to identify the calcium traces is given. To this end, the 

TRXF measurement of BS on a bare water subphase is compared to measurements of 

BS on water containing 1 mM cesium and water containing 1 mM calcium. 

4.1.3.1 Surface pressure (π) – molecular area (A) isotherms 

In Figure 22, the measurements of TMCL on a 1 mM cesium subphase without (left) and 

with EDTA (right) are compared. TRXF measurements uncovered residues of calcium in 

the ultrapure water which was used for the subphase preparation. Therefore, divalent cal-

cium ions interfered with the head group interactions of TMCL and monovalent cesium 

ions. The effect is also reflected in the π-A isotherms. As Ca2+ interacts intensely with the 

head groups of the phospholipid monolayer, the LE-LC transitions do not shift notably 

when the pH is changed between pH 5.0 and pH 9.0. This can be explained with almost 

completely deprotonated head groups at pH 5.0 already, which contrasts the expectation 

of a stepwise LE-LC transition shift to higher pressures with increasing pH. In contrast to 

the experiments without EDTA, the measurements with EDTA in the subphase fulfill the 

expectation and the LE-LC transitions shift to higher pressures with increasing pH from 

pH 3.0 to pH 7.0. At higher pH-levels, the head groups are almost fully deprotonated and 

the isotherm shifts only slightly to higher pressures. At some pH values, the plateau region 

is not horizontal but offers a slope. These discrepancies (Δπ) are especially pronounced 

at pH 4.0 and 5.0 and result from dissimilar molecules within the monolayer. In this stage, 

differently protonated species are coexisting and generate the pressure range for the LE-

LC transition. For all other pH values, the variance from the horizontal is smaller and the 

plateau is less incline. This indicates that mainly one species is present in the monolayers. 
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Figure 22: The diagrams show the differences between measurements of a TMCL mono-

layer on a 1 mM Cs subphase without (left) and with EDTA (right). Due to un-

expected calcium ions in the ultrapure water, the complex building agent 

EDTA was added to the subphase in order to bind divalent Ca2+ ions. As a re-

sult, the LE-LC phase transition shifts to higher pressures with increasing pH. 

The measurements were carried out at 20 °C. 

 

4.1.3.2 TRXF 

Figure 23 represents how strong calcium interrupts the interactions of the TMCL head 

groups with cesium. Divalent calcium (Ca2+) offers a higher charge than monovalent ce-

sium (Cs+) and is therefore favored for the interactions with the TMCL head groups (left). 

EDTA was added to the subphase to bind calcium (right). Comparing the results of the 

experiments without and with EDTA, the differences of head group interactions with ce-

sium are grave. The effectivity of EDTA is depending on the pH and can be followed while 

observing the appearance of the Cs (Lι) line when the Ca (Kα) line disappears with rising 

pH. Due to a higher protonation degree at low pH values, the influence of competing cal-

cium should be minor. At pH values above 5.0, EDTA binds calcium as the pKs value for 

acetic acid is 4.76. The efficacy of EDTA is also reflected in a higher cesium line intensity 

compared to the experiments without EDTA. Taking these effects into account, the system 

with EDTA in the subphase can assumed to be reliable. 
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Figure 23: The diagrams show the TRXF spectra of TMCL at different pH values on 

1 mM Cs subphase without (left) and with 0.1 mM EDTA (right). EDTA is able 

to bind calcium ions at pH values higher than 5 (above the pKs value of acetic 

acid). For the measurements without EDTA in the subphase, no significant 

trend is observed and a relation between the line intensities and the pH cannot 

be followed. For the measurements with EDTA in the subphase, the line inten-

sities increase with increasing pH depending on the protonation degree of the 

lipid monolayer. 

 

In figure 24, the plots of the TRXF line intensities versus the bulk pH of the experiments 

without EDTA (sum of Ca (Kα) and Cs (Lα) intensities) and with EDTA (Cs (Lα) intensities) 

are compared and the consequences of competing calcium ions if not bound by EDTA 

become obvious. As the subphase amount of calcium traces cannot be quantified for 

measurements without EDTA, a qualitative analysis of the whole ion number increase in 

the layer in dependency on the pH was realized. For this purpose, the line intensities of 

Cs (Lα) and Ca (Kα) at the different pH values were multiplied with the fluorescence yield 

values (0.049 for Cs (Lα) lines and 0.151 for Ca (Kα) lines (Sánchez del Río et al 2003)). 

The results for both elements were summed up in the following. The sum total of the line 

intensities of cesium and calcium allows gaining an impression of the entire adsorption of 

all cations in dependency on the pH. The curve shows that the line intensity increases up 

to pH 6.0. For pH values between 6.0 and 10.0, the intensity increase is smaller. For 

measurements with EDTA in the subphase, the line intensities were corrected with the 

layer thickness. The intensity of the Lα bands of Cs+ ions increases with increasing pH due 

to a higher deprotonation of the head groups. Between pH 3.0 and pH 4.0, the line intensi-

ty increases linear. The almost same line intensities from pH 4.0 to pH 5.0 come along 

with Ca2+ ions in the subphase due to not binding to EDTA before pH 5.0. The effect of 

EDTA can be seen in an almost linear intensity increases from pH 5.5 to pH 9.0. For the 

measurements with EDTA in the subphase, the line intensities are around ten times high-

er than for the measurements without EDTA. 

http://ftp.esrf.fr/pub/scisoft/xraylib/xraylib_tables_v2.3.pdf)
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Figure 24: (left) The graph shows the sum of the Cs (Lα) and Ca (Kα) line intensities ver-

sus the bulk pH of the measurements without EDTA. The intensity values 

were corrected with the fluorescence yields. (right) The graph shows the Cs 

(Lα) line intensities of TMCL versus the bulk pH of the measurements with 

EDTA. The addition of EDTA to the subphase led to the binding of competing 

Ca2+ ions in the range from pH 5.5 to pH 9.0. The cesium line intensities of 

TMCL were corrected with the layer thickness. 

 

4.1.3.3 Ultrapure water measurements 

As TRXF measurements have provided information about unexpected calcium ions in the 

subphase, the ultrapure water which is commonly available in our laboratories as well as 

in external beamline laboratories was further investigated (ultrapure water = Millipore wa-

ter). The water was expected to not exhibit any competing ions and the determination of 

calcium ions was surprisingly. Therefore, experiments with pure Millipore water as well as 

with Millipore water containing 1 mM calcium were performed in addition to the measure-

ments with 1 mM cesium in the subphase. For the comparative measurements, the refer-

ence substance BS was used as monolayer. With a permanent charge of -1 and no spe-

cific interactions with counter ions, the adsorption behavior of BS is purely driven by elec-

trostatics. Therefore, the standard substance BS readily serves as adequate substance to 

determine differences between the various water measurements. BS adsorbs monovalent 

and divalent cations in equal measure. In the case of saturation, one calcium molecule 

covers two BS molecules. With its two phosphate groups, TMCL offers a smaller charge 

density than BS. The behavior of the TMCL phosphate groups is not only based on elec-

trostatics but also includes specific interactions with calcium. This led to the undesired 

competition of Ca2+ with Cs+ for interactions with the TMCL head groups. The water taken 

for the experiments offered a specific resistance of 18.2 MΩcm and was therefore as-

sumed to guarantee pureness, as an overall ion concentration below 1 ppb (1 µg/l) should 

be ensured (Mabic et al 2007). As TRXF measurements offered notable amounts of calci-



4 Results and Discussion  

  

- 59 - 

um in the subphase, possible reasons had to be found. To exclude pollutions from the 

substances used for the subphase preparation, TRXF measurements of BS on ultrapure 

water were performed. The spectra showed the undesired calcium lines as well and pollu-

tions arising from the substances used for the subphase preparation could be excluded. 

The exact amount of calcium in the subphase cannot be specified with the performed 

monolayer measurements. With a charged monolayer on top of the subphase, contrary 

charged ions from the subphase are adsorbed to the monolayer. This leads to an accumu-

lation of subphase ions at the air/water interface. In the broadest sense, an electrochemi-

cal double layer is existent (Atkins & de Paula 2006). Therefore, the Ca2+ concentration at 

the surface does not allow conclusions about the overall concentration of Ca2+ in the sub-

phase. 

 

 

Figure 25: The graph compares the measurements of the standard substance BS on 

Millipore water (black) with BS on Millipore water including 1 mM calcium 

(red). The Ca line intensity of the measurement with additional calcium is ~1.7 

times higher than for the measurement on Millipore water. 

 

Figure 25 compares the calcium intensities of BS on Millipore water with those ones of BS 

on a 1 mM calcium subphase. The Ca2+ ions were adsorbed to the BS monolayer to com-

pensate charge. The calcium line of BS on the 1 mM Ca subphase is only ~1.7 times 

higher than the calcium line of BS on pure Millipore water. This underlines how much the 

amount of calcium which is already present in the ultrapure water influences the meas-
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urements. In figure 26, BS on a 1 mM cesium subphase is compared with BS on Millipore 

water as well as on a 1 mM calcium subphase. The amount of calcium adsorbed by BS on 

1 mM cesium is the same as on Millipore water. This can be seen by comparing the Ca Kα 

lines of the different subphases. The Ca Kβ line of BS on 1 mM cesium is overlaid by the 

Cs Lα line. 

 

 

Figure 26: The diagram shows the TRXF spectra of BS on ultrapure water (black), 1 mM 

calcium (red) and 1 mM cesium (blue). The calcium line intensities of BS on 

ultrapure water and on 1 mM cesium are similar. 
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4.2 Temperature dependency of TMCL 

Following, the temperature dependent behavior of TMCL was analyzed in order to identify 

the influence of temperature on the phase transitions and structures of the phospholipid. 

Studying single lipid monolayer systems is basically for understanding the reactions of 

biological membranes on changes in temperature. (Hazel 1979) published about changes 

of the lipid composition in the membrane due to temperature changes. (Heimburg 2007) 

listed an overview about thermally induced changes in the lipid composition of the mem-

brane. (Blicher et al 2009) investigated the temperature dependent permeability of the 

membrane. They found out that different temperatures lead to enhanced or reduced 

membrane permeability. According to this, (Gzyl-Malcher et al 2013) found out that in-

creased temperatures lead to enhanced drug penetration into the monolayer. Investiga-

tions of (Ortmann et al 2014) declared an increasing monolayer phase transition upon 

heating. Additionally, they found out about an influence of temperature on the polymer 

compositions in the subphase. 

(Kensbock 2017) probed TMCL monolayers on H2O subphases as well as on mono- and 

divalent salt subphases with different salt concentrations in dependency on the tempera-

ture. The π-A isotherm measurements showed that the transition from the liquid-expanded 

(LE) to the liquid-condensed (LC phase) is shifted to higher pressures with rising tempera-

tures. Increasing the salt concentration led to the same effect. Therefore, the LE-LC 

phase transitions of TMCL on H2O occurred at lower pressures compared to the meas-

urements of TMCL on mono- and divalent salt subphases at the same temperature. The 

measurements showed that the pressures of the LE-LC phase transitions increase linear 

with rising temperature for all experimental series (Kensbock 2017). 

Here, the experiments should be performed under physiological relevant subphase condi-

tions. To investigate the temperature dependent behavior of TMCL, a phosphate buffered 

saline (PBS) was used as buffer solution to provide a non-toxic medium with a constant 

pH value (pH 7.0) for the experiments. In order to compare the measurements among 

each other, it is essential to secure a stable pH. The results in chapter 4.1 have shown 

that already small changes in pH could lead to changed phase transition pressures. Now, 

the phospholipid monolayers were spread on PBS subphases at different temperatures 

ranging from 5 to 25 °C (5 °C steps). Firstly, the monolayers were investigated by π-A 

isotherm measurements and later on by coupling π-A isotherms with GIXD. Langmuir iso-

therm measurements provided information about the pressures of the LE-LC phase transi-

tions of TMCL at different temperatures. With GIXD, the lattice structures of the alkyl 

chains of the lipids in the LC phase were studied and the tilting transition pressures were 

determined. 
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4.2.1 Surface pressure (π) – molecular area (A) isotherms of TMCL depending 
on the temperature 

In order to study the temperature dependent behavior of TMCL, π-A isotherm measure-

ments were recorded at different temperatures from 5 to 25 °C, applying steps of 5 °C 

(figure 27). At a temperature of 5 °C, the isotherm is of a fully condensed phase due to 

tight packing of molecules. For all other temperatures, the shape of the isotherms is char-

acterized by a first-order (LE-LC) phase transition which is indicated by a plateau in the 

isotherm. With increasing temperature, the LE-LC transition of TMCL shifts to higher pres-

sures. This can be explained with a higher disorder of molecules at higher temperatures. 

With elevated temperature, the entropy per mole (ΔS) is risen up and the molecules are 

less dense packed. The chains are allowed to be more flexible. Additionally, a tempera-

ture increase involves a shortening and more inclined orientation of the plateau. This cor-

responds to decreasing absolute ΔS values. Upon compression of the monolayer, the 

packing density of the lipids increases. 

 

 

Figure 27: π-A isotherms of TMCL in dependency on the subphase temperature. With 

increasing temperature, the LE-LC transition is shifted to higher pressures. 

The measurements were carried out on PBS subphases at pH 7.0 and tem-

peratures between 5 and 25 °C applying 5 °C steps. 
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Extrapolating the linear fit of the LE-LC transition pressures at different temperatures (fig-

ure 28, left) leads to the characteristic temperature T0 (here T0 = 5.2 °C). Below this tem-

perature, a LE phase is not visible in the isotherm. The extrapolated temperature fits to 

the obtained results in this work, where the lowest temperature for the measurements was 

set to 5 °C which is slightly below the defined T0 value and no LE-LC transition is ob-

served. Below T0, the transition to the condensed phase starts directly from the gas-

analogous state (resublimation). The second specific temperature (critical temperature Tc) 

is received by plotting the entropy per mole (ΔS) as a function of the temperature and ex-

trapolating the linear fit to zero ΔS (figure 28, right). Above the critical temperature (Tc), 

the LC state cannot be reached upon compression. With increasing temperature, the LE-

LC phase transition approaches Tc. This leads to a decrease of the plateau length until Tc 

is reached, existing of only one point (Ni et al 2006). For the described system, a critical 

temperature value of 41.6 °C (314.8 K) is obtained. This value is in good agreement with 

the main-transition temperature from the gel to the liquid-crystalline Lα phase in bulk im-

plying that the structures of monolayers and bilayers must be very similar (cf. ch. 4.3.4). 

Table 6 summarizes the data obtained from π-A isotherm measurements. 

 

  

Figure 28: (left) The diagram shows the pressure values of the LE-LC transition (πLE and 

πLC) of TMCL at different temperatures. The lines correspond to the linear fits 

(start, black points/line and end, red points/line). Extrapolation leads to a T0 

value of 5.2 °C (278.3 K). (right) The diagram presents the entropy per mole 

(ΔS) as a function of the temperature, the red solid line shows the linear fit and 

the red dashed line gives the critical temperature Tc (41.6 °C = 314.8 K). The 

measurements were carried out on PBS subphases at pH 7.0. 
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Table 6: Thermodynamic parameters of TMCL obtained by π-A measurements at dif-

ferent temperatures from 5 to 25 °C. The measurements were carried out on 

PBS subphases at pH 7.0. 

T 
°C 

T 
K 

πLE 

mN m
-1

 
πLC 

mN m
-1

 
ALE 

Å
2
 molecule

-1
 

ALC 

Å
2
 molecule

-1
 

ΔA 
Å

2
 molecule

-1
 

ΔS 
J mol

-1
 K

-1
 

5 278.2 -  0.6 -  89.7 - - 

10 283.2  4.0  4.5  146.7  88.5  -58.2  -358.9 

15 288.2  8.6  9.3  141.8  89.5  -52.3  -322.5 

20 293.2  14.2  15.1  124.9  87.7  -37.2  -229.4 

25 298.2  20.0  21.0  117.7  85.7  -32.0  -197.3 

 

4.2.2 GIXD experiments of TMCL depending on the temperature 

GIXD measurements at the external synchrotron beamline P08 (PETRA III, DESY, Ham-

burg, Germany) provided important knowledge about the in-plane structures of the con-

densed TMCL monolayers at different temperatures. As GIXD informs about the structure 

of a monolayer in the condensed state, the measurements were started directly at pres-

sure values above the LE-LC phase transition. The LE-LC phase transitions of TMCL 

were already known from π-A isotherm data and the measurements informed about a shift 

of the LE-LC transition to higher pressures with increasing temperature. This was 

strengthened by the GIXD measurements. Figure 29 shows selected contour plots of the 

diffracted intensities plotted versus the in-plane (Qxy) and out-of-plane (Qz) components of 

the scattering vector of TMCL at different temperatures. The straightening of the alkyl 

chains of TMCL can be conveniently followed by GIXD measurements along the LC part 

of an π-A isotherm. The measurements were carried out at different temperatures from 5 

to 25 °C, applying 5 °C steps. 

At all investigated temperatures (5 °C, 10 °C, 15 °C, 20 °C and 25 °C); the anionic phos-

pholipid forms an oblique structure at low lateral pressures of the LC phase. This was in-

dicated by the appearance of three Bragg peaks. Compression led to the reduction of the 

tilt angle and first to an orthorhombic structure indicated by two Bragg peaks and finally to 

a hexagonal arrangement of non-tilted chains indicated by one Bragg peak. 
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Contour plots: 5 °C 

 

Contour plots: 10 °C 

 

Contour plots: 15 °C 
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Contour plots: 20 °C 

 

Contour plots: 25 °C 

 

Figure 29: The overview presents selected contour plots of the x-ray intensities versus 

the in-plane (Qxy) and out-of-plane (Qz) components of the scattering vector of 

TMCL on a PBS buffer at different temperatures from 5 °C to 25 °C. At all 

temperatures, GIXD measurements were performed at various pressure val-

ues along the LC part of the isotherm. 

 

GIXD has provided information about structural parameters of TMCL on PBS at different 

temperatures. The data of the structural parameters are listed in the appendix (table 16–

20). Included are information about the peak positions (Qxy and Qz) at different surface 

pressures (π), the lattice of the unit cell (a, b and c), the distortion (d), the tilt (t), the in-

plane lattice area of one chain (Axy), the cross-sectional area (A0) and the correlation 

lengths (Lxy
1, Lxy

2 and Lxy
3).On proceeding compression, the distortion of the unit cell de-

creases as well as the tilt of the chains. Also the in-plane lattice area of one chain (Axy) 
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decreases upon compression referring to a more organized and tight packing of the mole-

cules. The cross-sectional area of the chains increases slightly with increasing tempera-

tures (from around 19.8 Å2 at 5 °C to around 20.4 Å2 at 25 °C). At the same temperature, 

the cross-sectional area remains nearly constant upon compression. By trend, the correla-

tion length is increasing upon compression indicating a more tight and organized packing 

of the molecules.  

The extrapolation of 1/cos(t) to 1 versus the surface pressure (π) yields the tilting transi-

tion pressure πt which defines the transition from the tilted to the non-tilted state (second 

order phase transition) (appendix, figure 64). The determination of πt underlies the as-

sumption of a constant cross-sectional area of the chains and a nearly linear pressure-

area relationship in the condensed state of the isotherm. As described above, this was 

proofed for the performed experiments. The distortion of the unit cell can be referred to a 

split of the diffraction peak (Dutta 2000). If the lattice distortion is only based on the tilt of 

the molecules, the plot of the lattice distortion (d) versus the sinus square of the tilt (sin2(t)) 

must be linear and extrapolation leads to zero distortion for non-tilted chains (Kaganer et 

al 1999). This behavior was observed for the investigated samples. Comparing the distor-

tion values that are obtained at different temperatures, one can observe decreasing distor-

tion in the initial part of the LC phase with increasing temperature. This is reasonable 

since the molecules are over a larger pressure range in the LC phase at lower tempera-

tures.  

 

The π-A isotherms did not show the second order phase transition which would be ex-

pected as kink in the isotherm. Therefore, GIXD measurements were very useful to obtain 

not only information about the first-order but also about the second-order phase transition. 

Figure 30 shows, that πt increases only marginally with rising temperature (magenta line). 

At πt, GIXD data reveal a hexagonal packing of the chains. As described above, GIXD 

measurements exhibit an oblique chain packing at lower lateral pressures of the LC phase 

which changes to an orthorhombic one upon compression (transition obl.-L2). The transi-

tion pressure can be roughly estimated. The linear fit of the obl.-L2 transition shows that 

the transition pressure decreases slightly with increasing pressure (blue line).The only 

slight changes of the transition pressures from oblique to L2 and the L2 to LS may be due 

to only small influence of the temperature on the course of the isotherm at higher pres-

sures in the LC phase. Table 7 summarizes the transition pressures obtained by GIXD. 

 

http://vader.phys.northwestern.edu/currsci.pdf
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Figure 30: GIXD transition pressures of TMCL at different temperatures from 5 to 25 °C 

(278.2 to 298.2 K), the LC transition from oblique to orthorhombic (blue, esti-

mated) and the LC transition from tilted to non-tilted chains (magenta). The 

measurements were carried out on PBS subphases at pH 7.0. The lines cor-

respond to the linear fits. 

 

Table 7: List of the tilting transition pressures (πt) of TMCL at different temperatures 

obtained by GIXD. The transition from oblique to orthorhombic is roughly esti-

mated and the transition from orthorhombic to hexagonal was determined 

through extrapolation of 1/cos(t) to 1. The experiments were conducted on 

PBS subphases at pH 7.0. 

T, 
°C 

T, 
K 

πt (oblique-orthorhombic), 
mN m

-1
 

πt (orthorhombic-hexagonal), 
mN m

-1
 

 5  278.2  ~23  29.5 

 10  283.2  ~25  34.5 

 15  288.2  ~21  32.4 

 20  293.2  ~25  36.1 

 25  298.2  ~22  35.0 

 

4.2.3 Summary and Conclusions 

In the last chapter, the temperature dependent behavior of TMCL molecules was exam-

ined. Various publications refer to temperature induced changes of membrane composi-
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tion and permeability (Blicher et al 2009, Hazel 1979, Heimburg 2007). According to litera-

ture, the recording of π-A isotherms revealed information about a shift of the LE-LC transi-

tion to higher pressures with increasing temperatures (Kensbock 2017, Ortmann et al 

2014). An increase in temperature leads to enhanced membrane permeability and, 

amongst other effects, to facilitated drug penetration into the membrane (Gzyl-Malcher et 

al 2013). Here, the measurements were conducted on PBS in order to provide a non-toxic 

subphase medium in the physiological pH range. The LE-LC shifts to higher pressures at 

increased temperatures correspond to elevated entropy per mole (ΔS). In the meantime, 

the plateau length decreases corresponding to decreasing absolute ΔS values. With high-

er temperature, the entropy per mole is increased in both the LE and LC phases. There-

fore, the absolute ΔS values decrease with increasing temperature until the critical tem-

perature is reached. The π-A isotherm measurements imparted knowledge about the 

characteristic temperatures T0 (5.2 °C) and Tc (41.6 °C). GIXD measurements revealed 

information about a structural change from oblique to orthorhombic and finally to a hexag-

onal arrangement of the chains upon compression of the monolayer. It was identified that 

the lattice distortion of the unit cell is only based on the tilt (and not on the packing) of the 

chains. On proceeding compression both the distortion and the tilt of the chains de-

creased. The series of measurements at different temperatures showed a slight increase 

of the cross-sectional area (A0) of TMCL with increasing temperature. Evaluating the cor-

relation length (Lxy) clarified that the monolayer is tighter and better organized upon com-

pression. The phase diagram illustrates the influence of the temperature on the structure 

of the phospholipid in detail (figure 31). It is shown that the fluid LE phase disappears be-

low a temperature of 5.2 °C. The LE-LC phase transition pressure increases linear with 

increasing temperature. For all temperatures, GIXD represents a structure transition from 

oblique to orthorhombic for the tilted chains. With further compression, the structure 

changes from orthorhombic to hexagonal indicating non-tilted chains. For the structural 

change from oblique to orthorhombic, the transition pressure is approximately in the same 

range at all temperatures. The linear fit offers a small tendency to decrease. For the ortho-

rhombic to hexagonal change, the transition pressure is slightly increasing with increasing 

temperature. Table 8 shows the data values of the transition pressures. 
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Figure 31: Transition pressures of TMCL at different temperatures from 5 to 25 °C 

(278.2–298.2 K) obtained by π-A isotherms and GIXD measurements. Shown 

are the starting and ending pressures of the LE-LC transition (πLE, black points 

and πLC, red points), the LC transition from oblique to orthorhombic (obl.-L2, 

blue points, estimated) and the LC transition from orthorhombic to hexagonal 

(tilted to non-tilted chains, L2-LS, magenta points). The measurements were 

carried out on PBS subphases at pH 7.0. The lines correspond to the linear 

fits. 

 

Table 8: Summarization of the transition pressures of TMCL, obtained by π-A iso-

therms and GIXD measurements. The measurements were conducted at dif-

ferent temperatures between 5 and 25 °C. π-A isotherms informed about the 

pressures of the first-order phase transitions (LE-LC transition). The phase 

transitions from oblique to orthorhombic were roughly estimated from GIXD 

data. The second-order phase transitions (πt, orthorhombic to hexagonal) 

were determined through extrapolation of 1/cos(t) to 1. The experiments were 

conducted on PBS subphases at pH 7.0. 

T, 
°C 

T, 
K 

πLE 

mN m
-1

 
πLC 

mN m
-1

 
πt (oblique-orthorhombic), 

mN m
-1

 
πt (orthorhombic-hexagonal), 

mN m
-1

 

 5 278.2 -  0.6  ~23  29.5 

 10 283.2  4.0  4.5  ~25  34.5 

 15 288.2  8.6  9.3  ~21  32.4 

 20 293.2  14.2  15.1  ~25  36.1 

 25 298.2  20.0  21.0  ~22  35.0 
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4.3 TMCL and reactive oxygen species (ROS) 

The use of monolayer systems as model for a semi-bilayer simplifies the understanding of 

basic mechanisms at the membrane surface. In order to establish the influence of reactive 

oxygen species (ROS) on TMCL, Langmuir monolayers at the soft air/water interface ap-

peared to be suitable model systems for studying structure formation and interactions at 

the membrane surface. The generation of ROS can lead to CL oxidation and to a changed 

structure of CL in mitochondria (Lesnefsky & Hoppel 2008). As structural changes of CL 

may result in physiological consequences, model membrane studies at physiological rele-

vant conditions can provide deeper insights into the topic. In this study, a PBS subphase 

with a pH of 7.0 was chosen for the measurements. The influence of ROS on TMCL was 

investigated by monolayer techniques (π-A isotherms, GIXD) as well as by a bilayer tech-

nique (DSC), and a chromatography technique (TLC). With DSC, the thermal behavior of 

lipid bilayers can be studied. TLC allows determining the sample composition and can 

give important information about the components of oxygen treated TMCL. The influence 

of ROS on TMCL was investigated by comparing untreated TMCL monolayers with those 

ones of oxygen treated TMCL (TMCL + ROS). 

Former investigations by (Gröning et al 2011) addressed π-A isotherm measurements of 

TMCL on untreated and decomposed H2O2 solutions in different concentrations, mimick-

ing the exposition to hydroxyl radicals at different temperatures. As a result, untreated and 

decomposed H2O2 initiates a condensing effect on the phospholipid and a shift of the co-

existence region (LE-LC plateau). The condensing effect was intensified via the catalyti-

cally decomposition of H2O2 and the binding of hydrated iron ions to the lipid monolayer. 

(Yurkova et al 2007) investigated the effects of a dopamine/Fe2+ system on micellar TMCL 

solutions. TLC analysis showed spots of TMCL, dimyristoyl phosphatidic acid (DMPA) and 

dimyristoyl phosphatidylhydroxyacetone (DMPHA). 

In this work, the phospholipid TMCL was treated with ROS before conducting the π-A iso-

therm measurements (cooperation with Prof. F. Scholz, University of Greifswald, Germa-

ny). For the ROS treatment, the catalytic decomposition of H2O2 was initiated by adding 

few milliliters of a H2O2-solution (30 %) to a TMCL suspension (0.2 g/l) to obtain an overall 

concentration of 1 % H2O2. A four hour exposure to a platinum black surface (~4 cm2) ini-

tiated the catalytic disintegration of H2O2 and the attack on TMCL. The influence of ROS 

on TMCL could be visualized by comparing the π-A isotherm measurements to those 

ones of untreated TMCL. Coupling π-A isotherms with GIXD allowed obtaining information 

about the influence of ROS on the structure of TMCL. In addition, TRXF provided infor-

mation about changed interactions of the monolayer head groups with ions adsorbed from 
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the subphase. Complementary, the phase transition temperatures of bilayers of both 

compounds were investigated with DSC. TLC was used for identifying the products of the 

reaction of TMCL with ROS (cooperation with Prof. B. Dobner, University of Halle/S., 

Germany). Due to saturated chains, the TMCL phosphate residues are already in the 

most oxidized form and ROS should not lead to a degradation of the lipid chains. Instead, 

the TMCL head groups are affected by ROS. 

 

4.3.1 Surface pressure (π) – area (A) isotherms of TMCL and oxygen treated 
TMCL 

Figure 32 shows the pressure-area isotherms of untreated TMCL and oxygen treated 

TMCL. For the measurements, a phosphate buffered salt solution (PBS) with pH 7.0 was 

used as a subphase to mimic conditions around the physiological pH. As the molecular 

weight of the oxygen treated TMCL was not defined, chloroform solutions of both com-

pounds (TMCL and TMCL + ROS) in a concentration of 1 mg/ml were prepared for the 

comparative measurements. The isotherm of TMCL shows a LE phase at low lateral pres-

sures as well as a first-order phase transition from LE to LC at pressures around 

15 mN/m. For the oxygen treated TMCL, a phase transition from the LE to the LC phase 

can still be seen even if extended over a larger pressure range. This behavior is typical for 

mixtures in contrast to one-component systems. The shape of the π-A isotherm of treated 

TMCL gives a first indication of a high remaining content of untreated TMCL in the sam-

ple. Therefore, it can be assumed that only a fractional decomposition of TMCL occurred 

during the ROS treatment and that the emerging products are at least partially miscible 

with untreated TMCL. 
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Figure 32: π-A isotherms of TMCL (black) and oxygen treated TMCL (TMCL + ROS, red) 

on a PBS buffer at pH 7.0 and 20 °C. The plateau region of the isotherm of 

ROS treated TMCL is extended compared to the one of pure TMCL. 

 

4.3.2 GIXD of TMCL and oxygen treated TMCL 

4.3.2.1 TMCL 

In order to gain deeper insights into the results obtained by π-A isotherm measurements 

of TMCL and oxygen treated TMCL, the systems were further investigated by GIXD. 

These measurements were carried out at the German synchrotron facility DESY (P08, 

PETRA III, Hamburg). With GIXD, the chain lattice structure of lipids in an ordered state 

(LC phase) can be determined at the air/liquid interface. The contour plots represented in 

figure 33 show the diffracted intensities versus the in-plane and out-of-plane components 

of the scattering vector of TMCL. Above the LE-LC phase transition, three diffraction 

peaks are observed, referring to an oblique unit cell with tilted chains. With increasing 

pressure, the tilt angle decreases, leading initially to an orthorhombic structure (L2 phase) 

and finally to a hexagonal packing of non-tilted chains (LS phase). The orthorhombic 

phase is indicated by two diffraction peaks and the hexagonal phase by only one peak. 

The measurements of TMCL on PBS were already discussed in the previous chapter 

(temperature dependency of TMCL) and are shown again for comparison. 
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TMCL on PBS 

 

Figure 33: Selected contour plots of the x-ray intensities plotted versus the in-plane (Qxy) 

and out-of-plane (Qz) components of the scattering vector for TMCL. The 

monolayer was spread on a PBS subphase and measured at different pres-

sures along the isotherm (as indicated). The temperature was set to 20 °C. 

 

From π-A isotherm measurements, information about the first-order phase transition were 

obtained. Now, GIXD experiments enable the determination of the second-order phase 

transition. By extrapolating the linear fit of 1/cos(t) versus π, the tilting transition pressure 

is obtained (πt = 36.1 mN/m) (figure 34, left). The linear dependency of the lattice distor-

tion versus the sinus square of the tilt (sin2(t)) shows zero distortion for non-tilted chains in 

the LS phase (figure 34, right) (Kaganer et al 1999). The structural parameters of TMCL 

on PBS at pH 7.0 and 20 °C are summarized in the appendix (table 21). 

 

  

Figure 34: (left) The extrapolation of 1/cos(t) versus π to 1 yields πt (36.1 mN/m) of 

TMCL. (right) Plotting the lattice distortion versus the sinus square of the tilt 
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shows a linear dependence leading to zero distortion for non-tilted chains. The 

red lines correspond to the linear fits. 

 

4.3.2.2 TMCL + ROS 

Figure 35 shows the diffraction peaks observed during monolayer compression of ROS 

treated TMCL. Above the LE-LC transition, two Bragg peaks are visible, indicating an or-

thorhombic unit cell with tilted chains (L2 phase). Upon further compression, the tilt of the 

chains decreases. At 35 mN/m, only one diffraction peak is observed, indicating a hexag-

onal packing of the perpendicular oriented chains (LS phase). In comparison to the meas-

urement of untreated TMCL on PBS, no oblique structure was obtained. This could simply 

be due to the fact that the measurements were not started in the early LC phase. As the 

π-A measurements did not reveal an accurate LE-LC phase transition; it was difficult to 

define the start of the LC phase. Therefore, it is conceivable that the chains offered an 

oblique packing in the early LC state which has not been recorded. 

 

TMCL + ROS on PBS 

 

Figure 35: Selected contour plots of the x-ray intensities plotted versus the in-plane (Qxy) 

and out-of-plane (Qz) components of the scattering vector for ROS treated 

TMCL on a PBS subphase at 20 °C. The measurements were conducted at 

different pressures along the π-A isotherm (as indicated). 

 

In figure 36 (left), 1/cos(t) is plotted versus π and the extrapolation of the linear fit leads to 

πt = 34.5 mN/m. As already observed for the untreated TMCL monolayer, extrapolating 

the linear fit of d versus sin2(t) leads to zero distortion for non-tilted chains (figure 36, 

right). In general, the untreated and ROS treated TMCL monolayer systems behave very 

similar. Merely, the tilting transition pressure of ROS treated TMCL occurs at slightly lower 
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pressure compared to the one of untreated TMCL (34.5 mN/m compared to 36.1 mN/m). 

This strengthens the assumption obtained by π-A isotherm measurements which indicat-

ed that the ROS treatment caused only a partial decomposition of TMCL but that a high 

content of TMCL remains untreated. The structural parameters of ROS treated TMCL are 

provided in the appendix (table 22). 

 

  

Figure 36: (left) Extrapolation of 1/cos(t) versus π to 1 yields πt (34.5 mN/m) of ROS 

treated TMCL. (right) Plotting the lattice distortion versus the sinus square of 

the tilt shows a linear dependence leading to zero distortion for non-tilted 

chains. The red lines correspond to the linear fits. 

 

4.3.3 TRXF of TMCL and oxygen treated TMCL 

To get an impression of the ability of ROS treated TMCL to interact with cations from the 

subphase, the substance was studied via coupling π-A isotherm measurements with 

TRXF. Additionally, TMCL and the standard BS were analyzed for comparative measure-

ments. The samples were spread on 1 mM calcium containing subphases in order to de-

termine the adsorption behavior of the Ca2+ cations to the different monolayers. Figure 37 

shows the obtained TRXF spectra. The spectrum of BS was measured to obtain an im-

pression of an adsorption behavior which is only based on electrostatic interactions. When 

the charge of the monolayer is completely compensated, one calcium molecule covers 

two BS molecules. Due to its two phosphate groups, TMCL offers a smaller charge densi-

ty compared to BS and the head groups could also feature ion specific interactions beside 

electrostatic ones. The calcium lines (Kα and Kβ) of ROS treated TMCL are more intense 

than those ones of TMCL. This could be due to additional interactions of the reaction 

products of ROS treated TMCL with Ca2+ cations. The phosphor (P) line intensity of ROS 

treated TMCL is slightly more intense than the one of untreated TMCL. This indicates a 
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tighter packing of molecules in the monolayer of ROS treated TMCL and strengthens the 

assumption of a TMCL mixture as a result of the ROS treatment. 

 

 

Figure 37: Comparison of the fluorescence line intensities of TMCL (black) and ROS 

treated TMCL (red), and of the reference substance BS (blue). The measure-

ments were carried out on 1 mM calcium subphases at 20 °C. 

 

4.3.4 DSC of TMCL and oxygen treated TMCL 

The thermal behavior of TMCL bilayers and ROS treated TMCL was studied by DSC (fig-

ure 38). The method allows investigating if the ROS treated sample exhibits different 

phase transition peaks in comparison to the untreated TMCL sample. For the measure-

ments, aqueous dispersions of both samples were prepared containing 20 wt% of the lipid 

respectively the ROS treated lipid. Upon heating, the thermogram of TMCL (black curve) 

shows a sharp endothermic peak at 44.3 °C which defines the main phase transition tem-

perature (Tm) of TMCL. The peak of the heating curve of ROS treated TMCL (red) is 

broader than the one of TMCL and occurs at 45.2 °C. The similar Tm values indeed affirm 

the assumption of high amounts of untreated TMCL in the ROS treated sample. The phe-

nomenon of peak broadening is known to be characteristic for mixtures (Dörfler et al 1988, 

Garidel & Blume 1998). Additional peaks are not observed. The thermogram of ROS 

treated TMCL shows clearly that the reaction products are miscible with TMCL. As the 

reaction products of the TMCL treatment are not quantified so far, thin-layer chromatog-



4 Results and Discussion  

  

- 78 - 

raphy could reveal a good estimation of remaining amounts of TMCL in the sample and 

shows possible reaction products. 

 

 

Figure 38: DSC heating curves of TMCL (black) and TMCL + ROS (red). The reaction 

products are obviously miscible with TMCL and lead to a broader transition 

range. The heating rate was set to 1 K/min. 

 

4.3.5 TLC of TMCL and oxygen treated TMCL 

To determine the reaction products of the ROS treatment, both the untreated TMCL and 

the ROS treated TMCL samples were probed by TLC. In addition, the possible reaction 

products DMPA, dimyristoyl phosphatidylglycerol (DMPG) and myristic acid were ana-

lyzed. In order to exclude disparities in the way of preparation, a TMCL sample which was 

isolated from liposomes without exposure to ROS was also analyzed. For the implementa-

tion of thin-layer chromatography, different solvents were used for the experiments. In 

table 9, the data determined by TLC are summarized. By using chloroform, methanol and 

water in a ratio of 70:30:3, TMCL offered a spot at Rf = 0.35. For the ROS treated TMCL 

sample, a new spot with an Rf value of 0.15 was detected in addition to the TMCL spot at 

Rf = 0.34. Practically, there was no difference noted between pure TMCL and TMCL re-

covered from liposomes (so-called TMCL suspension). DMPA (sodium salt) has an Rf 

value of 0.32. The idea of DMPA and DMPG as possible reaction products was based on 

the assumption that the phosphoric ester bonds are fragile enough to be split by ROS. 
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Using an elution mixture of chloroform/methanol/ammonia = 70:30:3, led to Rf values 

which are slightly lower with respect to TMCL but not for the new spot (Rf = 0.15). With 

this eluent, DMPA (sodium salt) has a very low Rf value (0.03). Additionally, free DMPA 

was analyzed to ensure that the low Rf value does not derive from the sodium salt. As a 

result, the same Rf value of about 0.03 was found for the free phosphatidic acid and can 

therefore be attributed to the ammonia content in the eluent. Thus, DMPA cannot be de-

clared as reaction product of the oxygen treatment of TMCL. Also DMPG has a different 

Rf value. Lipids are sensitive to the hydrolysis of their ester bonds. As hydrolysis could 

lead to a splitting of the fatty acid group, lysocardiolipin (LCL) could be a reaction product. 

Due to the lack of an authentic LCL sample, free myristic acid was tested to be formed 

under the hydrolytic conditions. Chloroform/ether in a ratio of 8:2 was chosen as elution 

solvent and an Rf value of 0.22 was determined for myristic acid. The chromatogram of 

ROS treated TMCL showed a little stain at an Rf value of 0.22. The untreated TMCL, 

which was applied as a reference, did not run in this elution mixture just as the main quan-

tity of the ROS treated TMCL. But the stain at Rf = 0.22 for ROS treated TMCL is identical 

to the spot for myristic acid. Therefore, one can conclude that the influence of particular 

reactive oxygen species only led to a partial hydrolysis of the TMCL ester bonds and that 

the new spot below the TMCL spot is due to LCL. The result is also plausible, since reac-

tive oxygen species have oxidative properties. However, the phosphate residues in the 

phospholipids are already in the most oxidized form and should be inert against ROS. In 

estimation, about 60 % of TMCL appear to remain unchanged. The value arises from the 

Rf value of the main spot. The TLC experiments were carried out in cooperation with Prof. 

B. Dobner (University of Halle/S., Germany). 

 

Table 9: Determined Rf values for TMCL, treated TMCL and possible reaction products 

in dependency on different elution mixtures. The spot at Rf = 0.15 (70:30:3 

CHCl3/MeOH/H2O or 70:30:3 CHCl3/MeOH/NH3 respectively) is related to 

lysocardiolipin as possible reaction product of the TMCL treatment. 

CHCl3/MeOH TMCL TMCL (suspension) TMCL + ROS DMPA (salt) myristic acid 

70/30/3 (H2O) 0.35 0.34 0.34 / 0.15 0.32 - 

70/30/3 (NH3) 0.31 0.30 0.31 / 0.15 0.03 - 

65/35/5 (H2O) 0.49 0.49 0.49 / 0.32 0.43 - 

65/35/5 (NH3) 0.46 0.46 0.46 / 0.28 0.06 - 

 

CHCl3/Ether TMCL TMCL (suspension) TMCL + ROS DMPA (salt) myristic acid 

80/20 0.00 - 0.00 / 0.22 - 0.22 
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4.3.6 Summary and conclusions 

TMCL as well as ROS treated TMCL monolayers were investigated using the Langmuir 

monolayer technique (π/A-isotherms). At low lateral pressures, TMCL is in an LE state 

and exhibits a first-order phase transition from LE to LC upon compression of the mono-

layer. For the ROS treated TMCL, a much less pronounced phase transition from LE to 

LC can be observed. In the liquid phase, the isotherm is shifted to smaller molecular are-

as. The shape of the isotherm gave a first hint of a high remaining content of untreated 

TMCL in the sample. GIXD measurements showed a slightly decreased tilting transition 

pressure of ROS treated TMCL in comparison to untreated TMCL. Above the LE-LC 

phase transition, TMCL on PBS shows three Bragg peaks which indicate an oblique unit 

cell. The oblique structure was not observed for the ROS treated TMCL. This may be at-

tributed to the fact that the measurements started only in the later LC phase. Upon com-

pression of the monolayer, both compounds offer an orthorhombic structure which chang-

es to a hexagonal one with the transition from tilted to non-tilted alkyl chains. Comparing 

TMCL and ROS treated TMCL by TRXF revealed increased intensities for the calcium 

lines of the ROS treated TMCL. Also the phosphor lines are slightly increased, indicating a 

tighter packing density of molecules in the monolayer of treated TMCL. DSC measure-

ments revealed a peak broadening for the ROS treated TMCL sample in comparison to 

untreated TMCL. This is a typical behavior of mixtures (Dörfler et al 1988, Garidel & 

Blume 1998). The main phase transition temperature of TMCL was determined at 44.3 °C 

and is therefore higher than the values known from literature at around 40-42 °C (Lewis et 

al 2007, Prossnigg et al 2010). This could be due to a dependency of the main phase 

transition temperature on the heating rate (Masberg 1999). During the experiments, the 

heating rate was set to 1 K/min. Contrary, the mentioned literature values are based on 

lower heating rates (e.g. Lewis et al 2007: <0.2 K/min, Mabrey & Sturtevant 1976: 

0.1 K/min, Posnigg et al 2010: 0.5 K/min). Additionally, (Lewis et al 2007) reported that the 

thermotropic phase transitions of TMCL (and other anionic phospholipids) are notably 

influenced by the chosen medium for preparing the dispersion. This can explain the differ-

ences to the literature values. The main transition temperature of the ROS treated sample 

was 45.2 °C and is therefore only marginal increased compared to TMCL. Hence, it can 

be concluded that a high amount of untreated TMCL remains in the ROS treated sample. 

TLC supported that assumption, showing that at least 60 % of TMCL did not react under 

the applied conditions. The idea that PG and/or PA could be reaction products was based 

on the assumption that the phosphoric ester bonds are fragile enough to be split by the 

oxygen species. Unlike (Yurkova et al 2007), DMPA was not found as reaction product. 

Instead, myristic acid was identified by TLC to be a decomposition product of the TMCL 
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treatment leading to the assumption that LCL was formed during the reaction. This is also 

strengthen by a study of (Schlame 2008) in which monolysocardiolipin (MLCL) was found 

to be a possible intermediate in the remodeling pathway of CL. The possible reaction 

products are shown in figure 39. LCL could be present as MLCL or dilysocardiolipin 

(DLCL).  

 

 
 

 

 

Figure 39: Chemical structures of the possible reaction products monolysocardiolipin 

(top, left), dilysocardiolipin (top, right) and myristic acid (down, left) of the ROS 

treatment of TMCL (down, right). 

 

The measurements have shown that only small amounts of TMCL were attacked by ROS. 

Around 60 % of TMCL remained unchanged. The reaction products are miscible with 

TMCL and lead to small changes in 2D and 3D properties. The main product of the partial 

hydrolysis of TMCL by ROS is most probably LCL. The result is reasonable since the 

phosphate residues of TMCL are already in the most oxidized form and should be inert 

against ROS. Therefore, the only possible reaction is the hydrolysis of the ester groups. 
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4.4 TMCL and the influence of cytc 

Cardiolipins are mainly localized at the mitochondria where they account for 15–20 % of 

all mitochondrial lipids (Wei-Wei et al 2018). Due to its relatively small head group and a 

large hydrophobic tail, CL offers a conical shape. The structural conditions of CL provide 

binding sites for cytc in mitochondrial membranes leading to interactions between the 

negatively charged CL head groups and the positively charged amino acid residues of 

cytc (Schug & Gottlieb 2009). Cytc is an electron-carrier protein in the respiratory chain 

and also takes part in initiating apoptosis (Hüttemann et al 2011). For the membrane bind-

ing of cytc by CL, two different kinds of interactions were characterized depending on 

whether the bonding occurs via the A-site or the C-site of cytc. For the A-site binding, 

electrostatic interactions are the determining factors whereas the C-site binding is speci-

fied by hydrogen bonding and hydrophobic interactions (Rytömaa et al 1992, Rytömaa & 

Kinnunen 1995). Thus, CL is important for helping transferring cytc from the extracellular 

to the intracellular space of a membrane (Ow et al 2008). 

As lipid-protein interactions are of particular importance for the function of biological 

membranes, their investigation is of fundamental interest. Although several groups al-

ready investigated the complexation of cardiolipin with cytc, there is still a huge request to 

deepen the understanding of the system and to broaden the fundamentals. For this pur-

pose, Langmuir monolayers seem to be a suitable method of choice. (Quinn et al 1969) 

studied the injection of cytc into the subphase beneath various phospholipid Langmuir 

monolayers. The measurements revealed increases in surface pressure and surface po-

tential. For the experiments, natural cardiolipin was used. Due to unsaturated fatty acid 

chains, natural CL is predestined in being oxidized at the air/water interface when cytc is 

present at the monolayer (Iwase et al 1996). (Marchenkova et al 2015) analyzed the for-

mation of surface complexes consisting of tetraoleoyl cardiolipin (TOCL) and cytc by kinet-

ic measurements and recording of π-A isotherms. Cytc was added to the subphase after 

spreading the monolayer and it was shown that cytc either changes its conformation dur-

ing the adsorption to the air/water interface or while incorporating into the CL monolayer. 

Furthermore, (Vladimirov et al 2013) investigated the formation of nanoparticles formed by 

cytc and cardiolipin, which then induce the fusion of membrane sections. The structure of 

the lipid-protein complex consisted of a globule of molten cytc which was covered by a 

cardiolipin monolayer with the lipid’s head groups attached to the protein surface. The 

fusion of membrane sections led finally to a disruption of the membrane structure, ena-

bling cytc release and thus the initiation of the apoptosis cascade. The affirming data were 

obtained by small-angle x-ray scattering measurements (Vladimirov et al 2011). 
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Here, the lipid-protein interactions between the anionic TMCL and the cationic protein cytc 

were studied. The used phospholipid was of synthetic nature to circumvent the oxidation 

of cardiolipin at the air/water interface when cytc is present. The structural changes of 

TMCL caused by interactions with cytc were investigated by π-A isotherms, IRRAS, GIXD 

and TRXF. The study was partly performed at external synchrotron facilities in order to 

receive detailed and widespread information on the lipid-protein interactions. To determine 

the adsorption behavior of cytc to a TMCL monolayer, cytc was dissolved in the subphase 

and a TMCL monolayer was spread onto the surface. For comparative measurements, 

TMCL was further studied on a PBS subphase without cytc. At the end of this chapter, the 

subphase exchange beneath a monolayer with a peristaltic pump is explained. This tech-

nique could facilitate the protein insertion and lead to a better solubility of cytc in the entire 

subphase. Generally, proteins are inserted with a syringe beneath the monolayer 

(Marchenkova et al 2015). In the present work, TMCL was spread on subphases already 

containing cytc. This turned out to be precarious, as the immediate adsorption of cytc to 

the surface led to an immediate surface pressure increase while spreading the lipid. 

 

4.4.1 Surface pressure (π) – molecular area (A) isotherms of TMCL influenced 
by interactions with cytc 

Interactions between the phospholipid TMCL and the protein cytc were studied using the 

Langmuir monolayer technique. First of all, π-A isotherm measurements of the protein and 

the lipid alone were conducted. Figure 40 shows the π-A isotherm of cytc. The protein 

was dissolved in the PBS subphase in a concentration of 100 nM. After filling the sub-

phase into the Langmuir trough, cytc accumulated at the air/water interface without chang-

ing the surface tension. Upon compression, the lateral pressure started to increase linear-

ly up to ~12.0 mN/m. Then, a change in the slope of the isotherm might indicate a highly 

stiff layer with a tilt of the Wilhelmy plate or a partial squeeze out of protein molecules 

from the monolayer into the subphase. The compression of the film indicates clearly that 

the protein molecules are trapped at the interface and not in equilibrium with the bulk solu-

tion. Otherwise, the protein molecules would be vanished into the subphase upon com-

pression and the pressure would last zero. 
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Figure 40: The diagram shows the π-A isotherm of cytc. The protein adsorbs at the 

air/water interface after filling the Langmuir trough with the subphase. Com-

pression leads to a pressure increase. The measurements were carried out at 

a temperature of 15 °C. The cytc concentration was 100 nM. 

 

Figure 41 shows the influence of cytc on the course of a TMCL monolayer isotherm. To 

investigate the interactions between TMCL and cytc, the protein was dissolved in the PBS 

subphase and the TMCL monolayer was spread onto the surface. The cytc concentration 

was 100 nM. For reasons of comparability, TMCL was further studied on a PBS subphase 

without cytc. The spreading of TMCL onto the cytc containing subphase led to an immedi-

ate pressure increase up to ~10 mN/m, as the lipid started directly to interact with the sur-

face active protein. Upon compression of the monolayer, the pressure increased further. A 

prolonged and inclined plateau region may be observed between 17 and 22 mN/m. The 

plateau region might indicate the squeeze out of protein molecules as well as the TMCL 

phase transition from the disordered to the ordered state. Compared to TMCL on PBS, the 

plateau is shifted to higher pressures. This could be justified with interactions between 

TMCL and cytc adsorbed to the monolayer. Above 22 mN/m, the pressure increases 

again but with a smaller slope of the isotherm compared to TMCL on pure PBS buffer. 

The shift to slightly smaller area values above 29 mN/m could be explained with ongoing 

interactions between TMCL and cytc adsorbed to the TMCL monolayer. The protein 

seems to be completely squeezed out from the monolayer but is still interacting with 

TMCL. These interactions could lead to a denser packing of TMCL or a partial taking out 
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of TMCL from the monolayer into the subphase. For a more detailed understanding, the 

interactions between TMCL and cytc were further investigated with other techniques. 

 

 

Figure 41: π-A isotherms of TMCL on PBS (black) and on PBS with 100 nM cytc (red). 

The π-A isotherm of TMCL on PBS containing 100 nM cytc is shifted to higher 

pressure values and larger areas at low pressure but smaller areas at high 

pressures compared to TMCL on PBS. The possible plateau of TMCL on PBS 

containing cytc is more inclined and shifted to higher pressures. The meas-

urements were performed at a temperature of 15 °C. 

 

4.4.2 IRRAS of TMCL influenced by interactions with cytc 

With the help of IRRAS, it is possible to obtain information on lipid chain conformations as 

well as conclusions about protein structures. Therefore, the method was chosen for study-

ing interactions between TMCL and cytc. The phase state of a lipid can be determined by 

taking account of the asymmetrical (as) and symmetrical (s) CH2-stretching vibrations. 

Depending on the lateral pressure, the CH2-band shifts from wavenumbers of ~2924 cm-1 

to ~2920 cm-1 for asymmetric CH2-vibrations and from ~2854 cm-1 to ~2850 cm-1 for sym-

metric CH2-vibrations. That shift indicates the change from the gauche to the all-trans con-

formation. The OH band leads to information about a thickening of the monolayer with 

increasing pressure and can be found at wavelength values from 3700 to 3200 cm-1 (Sil-

verstein et al 1981). The amide bands allow gaining conclusions about the secondary 
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structure of a protein (Gallagher n.d.). The amide I band ranges from 1700 to 1600 cm-1 

and the amide II band from 1590 to 1510 cm-1 (Pribić et al 1993). The ester band can be 

found around 1730 cm-1 and a shift informs about changes in the hydration of a lipid. 

The measurements were performed on PBS subphases at pH 7.0 and 15 °C. Figure 42 

shows the spectra of cytc as well as of TMCL on PBS and on PBS with 100 nM cytc. The 

spectra were recorded at different pressures along the π-A isotherms and the most rele-

vant band regions are presented for each monolayer. For the spectra of cytc, a subphase 

with 100 nM cytc dissolved in PBS was examined. The π-A isotherm measurements al-

ready showed that cytc accumulates at the air/water interface. Now, IRRAS of cytc was 

performed to gain information about the protein structure. For the analysis of the cytc 

spectra, the OH band and the amide region are emphasized. The OH bands inform about 

a layer thickening upon compression of the cytc monolayer as the band intensity is in-

creased with increasing pressure. The amide bands of cytc are found at 1662 cm-1 (am-

ide I) and 1586 cm-1 (amide II). Accessing to literature, the value for the amide I band can 

be assigned to the α-helical structure (Dodia et al 2013, Kong & Yu 2007, López-Lorente 

& Mizaikoff 2016). For TMCL on PBS, the OH band and the CH2 region are presented. π-

A isotherm measurements have already shown that the LE-LC transition occurs between 

8.7 and 10.1 mN/m and this was confirmed by IRRAS. The OH band intensity increases 

with increasing surface pressure indicating a thickening of the monolayer. The most nota-

ble increase can be observed after the LE-LC transition. At 9 mN/m, the OH band is al-

ready more intense than at the pressures before but not yet as high as at the pressures 

above the transition. Also the evaluation of the CH2 region fits to that conclusion. Before 

the LE-LC transition, the CH2 bands appear at 2924 cm-1 (as) and 2855 cm-1 (s) for 

measurements up to 9 mN/m and afterwards at 2920 cm-1 (as) and 2850 cm-1 (s). For 

TMCL on PBS with cytc, the IRRAS measurements specified a conformational change 

from gauche to all-trans between 14 and 18 mN/m. The spectrum at 16 mN/m is already 

in the LC state but still amidst the LE-LC transition. This observation can be related to the 

drastic pressure increase around 17 mN/m in the course of the π-A isotherm. As the plat-

eau region continuous up to 22 mN/m, it can be supposed that cytc is squeezed out from 

the condensed monolayer above the first-order LE-LC transition. 
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Figure 42: (top) The diagrams show the OH band (left) and the amid band region (right) 

of cytc adsorbed from the subphase to the air/buffer interface. (middle) The 

OH bands (left) define the thickening of the TMCL layer on PBS during mono-

layer compression. The CH2 bands (right) shift from the gauche to the all-trans 

conformation after the LE-LC transition. (bottom) For TMCL on PBS with cytc, 

the course of the measurements is similar to the one of TMCL on PBS but the 

LE-LC transition is shifted to higher pressure values. The diagrams present 

the OH bands (left) as well as the CH2 bands (right). All measurements were 

conducted at different pressure values along the π-A isotherm. The tempera-

ture was set to 15 °C. 
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In figure 43, the wavenumbers for the asymmetrical CH2 stretching vibrations of TMCL on 

PBS and PBS with 100 nM cytc are plotted versus the surface pressures. During the LE-

LC phase transition, the position of the bands of the CH2-stretching vibrations changed 

from higher to lower wavenumbers. Taking the mid-points of the eyes guidelines offers 

roughly the values for the transitions from gauche to all-trans – 10 mN/m for TMCL on 

PBS and 15 mN/m for TMCL on PBS containing 100 nM cytc. 

 

 

Figure 43: The diagram shows the wavenumbers for the asymmetrical CH2 stretching 

vibrations (as) of TMCL on PBS (black) and PBS containing 100 nM cytc (red) 

at different surface pressures obtained by IRRAS. The position of the bands of 

CH2-stretching vibrations changes during the LE-LC phase transition from 

higher to lower wavenumbers. Taking the midpoints of the eyes guidelines 

gives roughly the value for the transition from gauche to all-trans (10 mN/m for 

TMCL on PBS and 15 mN/m for TMCL on PBS with cytc). The measurements 

were carried out at 15 °C. 

 

Concluding, figure 44 compares the spectra of TMCL on PBS and PBS containing 100 nM 

cytc as well as of cytc accumulated at the air/water interface at 9 mN/m. This pressure 

was chosen because it was the highest pressure to measure cytc and at the same time 

the first pressure of the measurements of TMCL on PBS with cytc. The chains of TMCL 

are in gauche conformation on both subphases used (PBS without and with 100 nM cytc, 

black and blue spectrum). The asymmetrical CH2-stretching vibrations amount to 
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2924 cm-1 and the symmetrical CH2-stretching vibrations to 2854 cm-1. Both spectra show 

OH bands. The spectrum of cytc (red) shows an OH band and defined amide bands. The 

amide I band can be found at 1662 cm-1 and the amide II band at 1586 cm-1. The spec-

trum of TMCL on PBS with 100 nM cytc does not show defined amide bands. The bands 

in the amide region are disorderly and not relatable. This may be due to the fact that only 

a small field of the monolayer is probed with the beam during one measurement. Possibly, 

the cytc molecules are outside of the probed field in this moment or the amount of cytc is 

too small to be detected while interacting with TMCL and the bands of cytc are overlain by 

those ones of TMCL. Generally, cytc should be distributed all over the subphase and is 

clearly interacting with TMCL as visible in the π-A isotherm. Furthermore, the ester band 

of TMCL was shifted when cytc was present in the PBS subphase, indicating lipid-protein 

interactions. For TMCL on PBS, the ester band can be found at 1732 cm-1 and for TMCL 

on PBS with 100 nM cytc at 1724 cm-1. The presence of cytc in the subphase leads to an 

increased hydration of the TMCL ester bonds. Figure 45 shows the important IR bands for 

the analysis of the lipid-protein system (left) and gives a closer look on the amide regions 

of cytc (right). 

 

 

Figure 44: The diagram shows the IRRA spectra of TMCL on PBS (black), cytc (red) and 

TMCL on PBS with 100 nM cytc (blue). The amide I and amide II bands of cytc 

are not observed in the spectrum of TMCL on PBS with cytc. The measure-

ments were performed at 15 °C and a lateral surface pressure of 9 mN/m. 
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Figure 45: (left) The marked regions present the important bands for the analyzation of 

the lipid-protein interactions. (right) Detailed look on the amide regions of cytc 

(amide I and amide II bands). 

 

4.4.3 GIXD of TMCL influenced by interactions with cytc 

In order to clarify the assumptions obtained from π-A isotherms and IRRAS measure-

ments, the systems were further investigated with GIXD. This method allows identifying 

the chain lattice structures of TMCL on PBS and PBS with cytc in the ordered LC state. As 

derived from π-A isotherms and confirmed by IRRAS, the LE-LC transition is shifted to 

higher pressure values for TMCL on PBS with cytc compared to TMCL on the pure PBS 

subphase. Figure 46 compares the contour plots of TMCL on PBS and TMCL on PBS with 

cytc. The diffracted intensities are plotted versus the in-plane and out-of-plane compo-

nents of the scattering vector of TMCL. The measurements were carried out at different 

pressures along the LC phase of the π-A isotherm. For TMCL on pure PBS, chain lattice 

structures were observed above the LE-LC transition which occurred between 9 and 

10 mN/m. As the LE-LC transition is shifted to higher pressures for TMCL on PBS with 

cytc, the GIXD measurements started at 18 mN/m. For both subphases, TMCL forms an 

oblique structure at low lateral pressures indicated by three Bragg peaks. Compression 

leads to the reduction of the tilt angle and to an orthorhombic structure indicated by two 

Bragg peaks. For TMCL on PBS with cytc, the change from oblique to orthorhombic could 

be connected with the complete squeeze out of cytc from the monolayer into the sub-

phase. Finally, a hexagonal packing of non-tilted chains is reached. GIXD showed that 

TMCL offers the same structures on pure PBS and PBS with cytc. The presence of cytc 

shifts the phase transitions to higher pressures than observed for TMCL on the pure PBS 

subphase. The structural parameters of TMCL on PBS as well as on PBS with 100 nM 

cytc are summarized in the appendix (table 23–24). Listed are the peak positions (Qxy and 
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Qz) at different surface pressures (π), the lattice of the unit cell (a, b and c), the distortion 

(d), the tilt (t), the in-plane lattice area of one chain (Axy), the cross-sectional area (A0) and 

the correlation lengths (Lxy
1, Lxy

2 and Lxy
3).On proceeding compression, the distortion of 

the unit cell decreases as well as the tilt of the chains. Also the in-plane lattice area of one 

chain (Axy) decreases upon compression referring to a more organized and tight packing 

of the molecules. As the packing density of TMCL is the same on both subphases, the 

smaller molecular area which was observed in the π-A isotherm of TMCL on PBS with 

cytc is not due to a tighter packing of molecules but refers most probably to partial taking 

out of TMCL by cytc into the subphase instead. 

 

Contour plots: TMCL on PBS 

 

Contour plots: TMCL on PBS + 100 nM cytc 

 

Figure 46: The overview presents selected contour plots of the x-ray intensities versus 

the in-plane (Qxy) and out-of-plane (Qz) components of the scattering vector of 

TMCL on PBS (top) respectively PBS containing 100 nM cytc (bottom) at 
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15 °C. The plots show that for TMCL on pure PBS, the tilt of the chains 

changes nearly continuously during compression of the monolayer. For TMCL 

on PBS with cytc, the tilt changes initially only slightly and later on more 

rapidly (at pressures > 29 mN/m). The transitions of TMCL on PBS with cytc 

are shifted to higher pressure values compared to TMCL on pure PBS. 

 

Figure 47 reveals information about the tilting transition pressures of TMCL on PBS with-

out and with cytc and defines zero distortion for the non-tilted chains of both systems. The 

tilting transition pressures were determined through the extrapolation of 1/cos(t) to 1. For 

TMCL on PBS, the extrapolation yields πt = 32.4 mN/m. On the cytc containing subphase, 

the tilt angle decrease only slightly upon compression from 17 to ~29 mN/m. This could be 

related to interactions between TMCL and cytc adsorbed from the subphase to the mono-

layer. Then, a jump in the tilt can be seen between 29 and 31 mN/m. This jump could be 

connected to the complete squeeze out of cytc from the monolayer into the subphase. 

Subsequently, the chains of the lipid are allowed to straighten up more rapidly. Further-

more, the jump between 29 and 31 mN/m can be connected with the transition from an 

oblique to an orthorhombic lattice (at ~30 mN/m, estimated from GIXD data). Therefore, 

the course of compression could be divided into two parts. For the first part of the curve 

(up to 29 mN/m), the extrapolation of 1/cos(t) to 1 yields πt = 66.0 mN/m (the extrapolation 

is not shown). For the second part of the curve, the tilting transition pressure is close to 

40 mN/m and therefore shifted to higher values compared to TMCL on PBS. This shift is 

reasonable since TMCL is interacting with cytc over a large pressure range during mono-

layer compression. Generally, small discrepancies with the isotherm measurements could 

be due to the different observation modes. The π-A isotherm measurements were con-

ducted in a continuous compression mode of 5 Å2 molecule-1 min-1 and the GIXD meas-

urements in a stepwise compression mode with waiting time at the certain pressure val-

ues. The waiting time depends on the experimental conditions (e.g. set-up and scan 

range) and lasts 10–20 minutes. 
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TMCL on PBS, πt = 32.4 mN/m 

  

TMCL on PBS + 100 nM cytc, πt = 66.0 mN/m (first part) and πt ~ 40 mN/m (second part) 

  

Figure 47: (left) The diagrams show the data of 1/cos(t) versus the surface pressure of 

TMCL on PBS (top) and TMCL on PBS with 100 nM cytc (bottom). For TMCL 

on PBS, extrapolation of 1/cos(t) to 1 leads to πt = 32.4 mN/m. For TMCL on 

PBS with cytc, the course of compression could be divided into two parts. Ex-

trapolation of the first part yields a transition pressure of πt = 66.0 mN/m (the 

linear fit is only partly shown). For the second part, πt amounts to ~ 40 mN/m. 

(right) Plotting the lattice distortion versus the sinus square of the tilt shows a 

linear dependence leading to zero distortion for non-tilted chains. The meas-

urements were carried out at 15 °C. The red lines correspond to the linear fits. 

 

4.4.4 TRXF of TMCL influenced by interactions with cytc 

Furthermore, the influence of the protein cytc on the TMCL monolayer was analyzed by 

TRXF. Thereby, it should be clarified if the lipid-protein interactions lead to a changed 

fluorescence spectrum in comparison to experiments without the protein. TRXF allows 

detecting all ions present at the air/water interface in the probed energy range. Here, the 

measurements of TMCL on a 1 mM cesium subphase were compared to those ones of 
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TMCL on a 1 mM cesium subphase containing 100 nM cytc. Cesium was chosen as suit-

able element for the measurements because it provides well defined fluorescence bands 

in the preset energy range of the synchrotron facility. Figure 48 shows the TRXF spectra 

of the measurements. The TRXF experiments were conducted at pressure values above 

the LE-LC phase transition and below the obl.-L2 transition, at pressures of 30 mN/m for 

TMCL on PBS and 35 mN/m for TMCL on PBS with cytc (the obl.-L2 transitions were de-

rived from GIXD data). From the previous results in this chapter (analysis of TMCL on 

PBS with cytc), it can be transferred that cytc is not yet completely squeezed out from the 

monolayer into the subphase or rather still interacting with TMCL when the molecules are 

in the oblique LC phase. The cesium line intensities of TMCL on the pure cesium sub-

phase are higher than for TMCL on the cesium subphase with cytc. This is reasonable 

since TMCL interacts not only with cesium but also with cytc. Both spectra show the 

phosphor line with almost the same intensities. The cytc containing system offers an addi-

tional sulfur line as well as two iron lines. Sulfur and iron are incorporated in cytc and 

therefore visible in the spectrum when cytc is present at the air/water interface. Thus, 

TRXF measurements have shown that the cytc which is dissolved in the subphase ad-

sorbs to the monolayer and interacts with TMCL. The experiments were performed at 

pH 7.0 and 20 °C. For the sake of completeness, the GIXD study of TMCL on 1 mM ce-

sium subphases containing 100 nM cytc is shown in the appendix (figure 65, table 25). 

 

 

Figure 48: Comparison of the TRXF spectra of TMCL on a 1 mM cesium subphase con-

taining 100 nM cytc (black) and TMCL on a pure 1 mM cesium subphase 
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(red). The measurements were performed at pH 7.0 and 20 °C. The addition 

of cytc led to less interactions of TMCL with Cs+ ions. Instead, also interac-

tions of TMCL with cytc are occurring. The TRXF measurements were con-

ducted at 30 mN/m for TMCL on 1 mM cesium and at 35 mN/m for TMCL on 

1 mM cesium with cytc. 

 

4.4.5 Subphase exchange with a peristaltic pump 

The following part should be conducive for a better defined analysis of lipid-protein inter-

actions in future experiments. Due to the immediate accumulation of cytc at the air/water 

interface during filling the subphase into the Langmuir trough, the spreading of a TMCL 

monolayer on PBS with cytc was shown to be difficult. The surface is already occupied by 

cytc molecules before spreading the monolayer. Therefore, the pressure is immediately 

increasing during the spreading procedure. In order to avoid this pressure increase, ex-

periments with a peristaltic pump were performed. As the IRRAS trough offers two barri-

ers for the compression of a monolayer, tubes can be conveniently fixed on both sides of 

the trough. The idea behind the use of a peristaltic pump is the subphase exchange with a 

monolayer on top. To establish the exchange procedure of the subphase, preliminary 

measurements with the dye aniline blue were performed (figure 49). The goal of these 

measurements was to visualize the time dependent subphase exchange. Here, the ex-

change was completed after around 90 minutes.  

 

 

Figure 49: The pictures show the exchange of a pure water subphase with a water sub-

phase containing the dye aniline blue in dependence of the time. The sub-

phase exchange was completed after around 90 minutes. 

 

As a next step, the PBS subphase beneath a TMCL monolayer was exchanged with a 

PBS subphase containing 20 µM cytc. During the subphase exchange, the monolayer at 

the air/water interface is not affected. For the exchange, TMCL was spread on a PBS 

subphase and the pressure was maintained at 0 mN/m. After recording an IRRA spectrum 

of TMCL on PBS at 0 mN/m, the subphase exchange was started. For this purpose, the 

starting protein concentration was chosen to be the double of the final concentration be-

cause of the dilution with the PBS subphase in the trough. Thereupon, the final cytc con-
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centration in the trough was 10 µM. It should be noted that the cytc concentration in this 

experiment is much higher than in the earlier experiments in this chapter (here: 10 µM, 

otherwise: 100 nM). With a lower cytc concentration, the equilibrium would have only been 

reached after much longer time. In return, the previous experiments could not be conduct-

ed with a higher cytc concentration due to the mentioned problems of spreading a TMCL 

monolayer onto a subphase already containing cytc. Therefore, the results could differ 

from those ones obtained in experiments with a lower cytc concentration as it could be 

expected that higher cytc content would lead to more possibilities for the TMCL molecules 

to interact with cytc. Ideally, the experiments of one series (concerning e.g. π-A isotherms, 

IRRAS, GIXD and TRXF measurements) should be conducted with the same cytc con-

centration. At this particular time, only the IRRAS experimental set-up allows the use of a 

peristaltic pump. Therefore, these additional experiments should provide a basis for future 

work. While the subphase was exchanged with the aid of a peristaltic pump, the pressure 

increased until an equilibrium was reached. Figure 50 shows the pressure increase during 

the process of the subphase exchange. The equilibrium was reached after approximately 

150 minutes at a pressure of 21.5 mN/m. The measurements were carried out at room 

temperature (~23 °C). 

 

 

Figure 50: The diagram shows the time dependent pressure increase during changing 

the subphase under a TMCL monolayer. After spreading the TMCL monolayer 

on PBS, the pressure was at 0 mN/m. During exchanging the PBS subphase 

with PBS containing 20 µM cytc (to yield a final cytc concentration of 10 μM), 
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the pressure increased until an equilibrium was reached at 21.5 mN/m after 

approximately 150 minutes (9000 seconds). The subphase exchange was car-

ried out at room temperature (~23 °C). 

 

After the subphase replacement, the system was measured by IRRAS again. Figure 51 

shows the IRRAS measurements of TMCL on PBS as well as spectra of TMCL on PBS 

with 10 µM cytc at different pressures. The measurements were carried out at different 

pressure values along the isotherm. For TMCL on pure PBS, the conformational change 

from gauche to all-trans occurred between 15 and 18 mN/m. This fits to the results of the 

isotherm measurements of TMCL on PBS at room temperature (cf. figure 52). After ex-

changing the subphase, the pressure equilibrated at 21.5 mN/m. At this pressure, TMCL 

on PBS with cytc is in the LE phase (gauche conformation of the chains). This indicates 

that the transition pressure from LE to LC is shifted to higher values compared to TMCL 

on pure buffer. The adsorption of cytc to the TMCL monolayer led to a fluidization of the 

layer and a notable intensity increase of the OH band. This might be reasonable since 

cytc was adsorbed to the monolayer. The monolayer was further compressed and the 

spectra show a transition from gauche to all-trans between 30 and 35 mN/m. The differ-

ence between the transition pressures of TMCL on PBS and PBS containing 10 μM cytc is 

clearly larger compared to the experiments with only 100 nM cytc in the subphase. A 

higher protein concentration has a larger effect on the thermodynamical and structural 

parameters of the TMCL monolayers. The experiments with the peristaltic pump have 

shown that a higher cytc concentration leads to a higher starting pressure. Such experi-

ments should be used in future as they ensure homogeneous protein distribution in the 

subphase and avoid chloroform contact of adsorbed protein by spreading the TMCL solu-

tion. 
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TMCL on PBS 

  

TMCL on PBS + cytc 

  

Figure 51: (top, left) The spectra show the OH bands of the TMCL monolayer on a pure 

PBS subphase at different pressures along the π-A isotherm. With increasing 

pressure, the layer is getting thicker as indicated by an increased OH band in-

tensity. (top, right) For TMCL on PBS, the shift from gauche to all-trans oc-

curred at pressures between 15 and 18 mN/m. (bottom, left) The spectra show 

the OH bands of the TMCL monolayer before and after exchanging the PBS 

subphase with a PBS subphase containing 10 µM cytc. The protein insertion 

leads to a thickening of the monolayer. (bottom, right) After the subphase ex-

change, the molecules are still in the gauche conformation. Upon compression 

of the monolayer, the shift to the all-trans conformation occurred between 30 

and 35 mN/m. The measurements were performed at room temperature 

(~23 °C). 
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Figure 52: The diagram shows the π-A isotherm of TMCL on PBS at pH 7.0 and 23 °C. 

The LE-LC transition occured between 17.5 and 18.5 mN/m. The π-A isotherm 

measurement is shown for the completeness of the experiment with the peri-

staltic pump. 

 

4.4.6 Summary and conclusions 

The last chapter covered the study of interactions between cardiolipin and cytc. For this 

purpose, π-A isotherm measurements were coupled with IRRAS, GIXD and TRXF to ob-

tain detailed information on the structure and the thermodynamic properties of TMCL in-

teracting with cytc. The analysis of cytc alone has shown that the obtained π-A isotherm is 

in line with literature data (Paul et al 2017). (Marchenkova et al 2015) investigated the 

complexation of TOCL with cytc at room temperature. At this temperature, TOCL does not 

offer a plateau region on the subphases used for the experiments since the chains are in 

the all-trans state. In this work, the experiments were performed with TMCL. The phos-

pholipid has shorter chains than TOCL and shows a plateau region on the buffers used. 

Therefore, the influence of cytc can be descriptively visualized. Upon spreading a TMCL 

monolayer onto a subphase with cytc, the surface pressure immediately began to in-

crease. The cytc which was dissolved in the subphase accumulates at the air/water inter-

face. Therefore, the water surface provides less space for TMCL molecules. Compared to 

TMCL on pure PBS, the π-A isotherm measurement of TMCL on PBS with cytc started 

from an increased pressure value. The shape of the isotherm suggests that cytc is at least 

partly squeezed out from the monolayer into the subphase during the LE-LC transition. 



4 Results and Discussion  

  

- 100 - 

Upon further compression, the surface pressure increased slowly. This could indicate fur-

ther interactions of TMCL with cytc adsorbed to the monolayer. Above the plateau region, 

the isotherm shape is very similar to the one of TMCL on PBS but with a smaller slope 

due to a changed compressibility. The isotherm of TMCL on PBS with cytc is shifted to 

higher pressures and slightly smaller areas compared to TMCL on PBS. IRRAS proved 

the LE-LC transitions indicated in the π-A isotherms of both systems. GIXD measure-

ments showed a shift of the transition pressure from the tilted to the non-tilted state of the 

alkyl chains to higher pressures for TMCL on PBS with cytc compared to TMCL on PBS 

alone. The experiments informed about an oblique packing of the chains which changed 

to orthorhombic upon compression and finally to hexagonal. Interestingly, the tilt of the 

chains diminishes only slightly in the oblique arrangement of TMCL on PBS with cytc. On-

ly with the transition from oblique to orthorhombic, the chains straightened up more rapid-

ly. Then, the interactions of TMCL with cytc should be lesser due to the fact that cytc is 

mostly squeezed out from the monolayer into the subphase at this time. TRXF measure-

ments were conducted using cesium subphases to compare the cesium band intensities 

of a pure TMCL monolayer with those ones of a TMCL monolayer interacting with ad-

sorbed cytc. The adsorbed protein led to less intense cesium bands as TMCL interacts 

not only with cesium but also with cytc. For TMCL on PBS with cytc, additional sulfur and 

iron bands were observed. These bands result from the cytc adsorbed to the monolayer. 

Table 10 summarizes the transitions obtained with the different techniques used. 

The most important observation is a shift of the LE-LC transition pressure to higher values 

by the interaction of TMCL with cytc. This shift is enlarged with increasing cytc concentra-

tion. Cytc can be incorporated into a fluid TMCL monolayer, and interacts strongly with 

disordered TMCL. Above the LE-LC transition, the protein is mostly squeezed out from the 

ordered LC phase. 

 

Table 10: The table gives an overview about the phase transitions obtained with the dif-

ferent techniques used for the investigation of lipid-protein interactions. The 

measurements were conducted at 15 °C. 

System LE-LC 
(π-A isotherms) 

mN m
-1

 

gauche–all-trans 
(IRRAS) 
mN m

-1
 

oblique-orthorhombic 
(GIXD) 
mN m

-1
 

orthorhombic–
hexagonal 

(GIXD) 
mN m

-1
 

TMCL on PBS 8.6–9.3 ~10 ~21 32.4 

TMCL on PBS 
+ 100 nM cytc 

~17–22 ~15 ~30 ~40 
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As a possibility to measure the lipid-protein interactions of TMCL with cytc, the use of a 

peristaltic pump turned out to be a convenient method for the subphase exchange without 

affecting the monolayer. An advantage compared to injecting cytc with a syringe into a 

subphase beneath a monolayer (Marchenkova et al 2015) is that cytc is not only punctual-

ly available in the subphase but dissolved all over the trough. Here, it was also possible to 

dissolve higher amounts of cytc in the subphase compared to directly spreading TMCL 

onto PBS with cytc (10 µM compared to 100 nM). Within the framework of this work, the 

peristaltic pump could only be used with the IRRAS set-up due to the availability of two 

barriers instead of one as for the other techniques used (π-A isotherms, GIXD, TRXF). 

Additional IRRAS experiments as well as the adoption to other monolayer techniques are 

necessary for the establishment of the peristaltic pump as useful tool for the investigation 

of lipid-protein interactions. The results presented in the last chapter show that the tech-

nique is basically working and offering the opportunity of a more extensive research in this 

field. 
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4.5 TMCL in single component systems and binary mixtures with 
DMPC 

A more profound understanding of membrane structures and properties was obtained by 

studying phospholipid mixtures composed of TMCL and DMPC. Many previous studies 

have comprised the investigation of unsaturated cardiolipins, which offer a high immiscibil-

ity with other lipids (Lewis & McElhaney 2009). (Phan & Shin 2015) studied the interac-

tions between TOCL and dipalmitoyl phosphatidylcholine (DPPC) via Langmuir isotherm 

measurements, fluorescence microscopy and x-ray reflection. They found out that cardi-

olipin has a liquefying effect on the LC domains of DPPC. When cardiolipins show a low 

miscibility with other lipids, they were isolated from natural sources. Additional difficulties 

concerning the interpretation of some experiments arose from different chain lengths of 

the lipids used for the mixtures and from varying degrees of saturation of the hydrocarbon 

chains of cardiolipin (Lewis & McElhaney 2009). (Prosnigg et al 2010) conducted experi-

ments on binary mixtures of TMCL and dipalmitoyl phosphatidylglycerol (DPPG). The mix-

ing ability of the lipids was constricted due to different hydrocarbon chain lengths, which 

led to inconsistent packing constraints. The structural parameters were determined using 

DSC as well as small- and wide-angle x-ray scattering techniques. The experiments of-

fered information about a molar ratio dependent bilayer thickness. Binary mixtures of 

DPPG and dipalmitoyl phosphoethanolamine (DPPE) were probed by (Lohner et al 2001). 

The differences in head group interactions led to non-ideal miscibility of the lipids. Howev-

er, (Frias et al 2011) analyzed the thermotropic phase behavior of binary mixtures com-

posed of TMCL and dimyristoyl phosphoethanolamine (DMPE) with the same chain 

lengths using DSC and Fourier-transform infrared (FTIR) spectroscopy. They still ob-

served non-ideal mixing behavior of the two phospholipids even if the chain lengths are 

the same for both compounds. In contrast, (Benesch et al 2015) observed an almost ideal 

mixing behavior for binary mixtures of TMCL and DMPG. They analyzed the mixtures with 

DSC and FTIR spectroscopy. The mixing effect was intensified when the cardiolipin con-

tent was increased. 

Here, the influence of DMPC on TMCL containing membranes was studied. Both phos-

pholipids possess the same chain length. Therefore, only effects of the different head 

group structures should influence the outcome. For the measurements, different 

TMCL/DMPC ratios were prepared in order to gain comprehensive information about the 

interactions between the two compounds. For the investigation of the lipids, an aqueous 

phosphate buffered saline (PBS) subphase with a pH of 7.0 was chosen to be in the range 

of physiological conditions (pH 7.3). Isotherm monolayer measurements were performed 

and coupled with BAM as well as with IRRAS and GIXD. DSC measurements were car-
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ried out to examine the thermotropic phase behavior of bilayers composed of TMCL and 

DMPC in bulk. 

 

4.5.1 Surface pressure (π) – molecular area (A) isotherms of TMCL and DMPC 
and their mixtures 

Figure 53 shows the π-A isotherms of the pure substances TMCL and DMPC as well as of 

their mixtures in different molar ratios. The measurements were carried out on PBS sub-

phases at pH 7.0 and a temperature of 15 °C. For pure TMCL, the lift-off point is followed 

by a limber increase of the surface pressure indicating a cumulative rigidity of the mono-

layer in the liquid-expanded phase. A horizontal plateau describes the coexistence of a 

liquid-expanded and a liquid-condensed phase and indicates a first-order phase transition. 

The following steep slope of the isotherm characterizes the rigid film in the condensed 

state. With increasing amount of DMPC, the lift-off point of the π-A isotherms is shifted to 

smaller molecular areas. The isotherm of pure DMPC shows a relatively steep pressure 

increase after reaching the lift-off point compared to the one of pure TMCL. The region 

where the LE and LC phases coexist is shown by an inclined plateau region. Subsequent-

ly, a steep slope of the isotherm defines the rigid condensed phase. All isotherms of the 

binary mixtures are found at areas between those of the pure substances. Also the plat-

eau regions lie in between of those of the pure lipids. Increasing the amount of DMPC 

leads to an increasingly inclined plateau region. The plateau length is reduced with higher 

amounts of DMPC and the LE-LC phase transition is shifted to higher lateral pressures. 
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Figure 53: π-A isotherms of the pure substances TMCL and DMPC and their binary mix-

tures in different molar ratios. Adding DMPC shifts the lift-off point of the iso-

therms to smaller molecular areas. The LE-LC phase transition pressure is 

shifted to higher lateral pressures with increasing amount of DMPC. The 

measurements were performed on PBS at pH 7.0 and 15 °C. 

 

The phase diagram (figure 54) shows the LE-LC surface pressures of the pure substanc-

es and binary mixtures as a function of the mole fraction. The black points show the pres-

sure values of the plateau beginnings and the grey points the pressure values of the plat-

eau endings. As visible in the π-A isotherms, the plateau region is getting inclined when 

DMPC is added to TMCL. Due to that, the plateau beginning and ending points are not 

overlain by each other in the phase diagram. With increasing amounts of DMPC, the slope 

of the plateau is getting steeper. The phase diagram shows that TMCL and DMPC are not 

mixing ideally, but it can be assumed that both phospholipids are miscible in the fluid LE 

as well as in the ordered LC phases. The measurements of TMCL/DMPC mixtures indi-

cate that the conformation and orientation of the fatty acid chains of the mixtures are influ-

enced by their molar ratios. 

The surface pressure versus molecular area isotherms of the pure substances and mix-

tures at 15 °C have shown that an increasing amount of DMPC in the mixtures shifts the 

start of the coexistence region (LE-LC phase transition) to higher lateral pressures as well 

as to smaller molecular areas. Subsequently, the pure lipids and binary mixtures were 

further investigated by various other techniques (BAM, IRRAS, GIXD, DSC). 
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Figure 54: The phase diagram shows the surface pressures of the pure substances and 

mixtures as a function of the mole fraction. The black points indicate the pres-

sures at the beginning of the phase transition and the grey points the pres-

sures at the end of the plateau region. The measurements were carried out on 

PBS subphases at 15 °C. 

 

4.5.2 BAM Experiments of TMCL and DMPC and their mixtures 

BAM is a convenient method to investigate lateral structures of a monolayer. Nucleation 

and growth processes like domain formation can be easily studied during the recording of 

π-A isotherms. In this work, the pressure dependent growth of domains in TMCL and 

DMPC thin films as well as in their binary mixtures was characterized by BAM. The pic-

tures in figure 55 show the state of domain formation within the particular plateau region of 

the pure substances or mixtures. Due to a small visibility field and the fact of a slightly 

increased temperature in the direct laser area, the start of domain formation can normally 

be observed only in the late plateau region. The differences in monolayer thickness in the 

liquid-expanded and liquid-condensed phase are furthermore visualized by different 

brightness. Liquid-condensed phases are brighter than liquid-expanded phases (Hénon & 

Meunier 1991, Hönig & Möbius 1991). Here, the transition of a growing condensed phase 

into an expanded phase could be observed in all TMCL containing monolayers. The pure 

TMCL monolayer showed well growing domains with a flower-like shape upon compres-

sion. With increasing amounts of DMPC, the domains are initially getting frayed and later 
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on smaller and rounder. This indicates an increase in line tension. Now the nucleation is 

favored compared to the domain growth. Within the DMPC monolayer, no domain for-

mation could be observed. However, as an indication of a transition from the LE to the LC 

phase, the DMPC thin film reveals an increasing brightness in the course of the plateau 

region. 

 

TMCL 

   

10.1 mN/m 10.8 mN/m 11.4 mN/m 

TMCL:DMPC 90:10 

   

11.8 mN/m 12.1 mN/m 13.5 mN/m 

TMCL:DMPC 75:25 

   

11.7 mN/m 12.0 mN/m 12.3 mN/m 

TMCL:DMPC 50:50 

   

14.8 mN/m 16.6 mN/m 17.6 mN/m 
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TMCL:DMPC 25:75 

   

18.9 mN/m 20.5 mN/m 21.7 mN/m 

TMCL:DMPC 10:90 

   

25.2 mN/m 25.8 mN/m 29.0 mN/m 

DMPC 

   

29.2 mN/m 34.1 mN/m 38.0 mN/m 

Figure 55: BAM pictures of the pure substances TMCL and DMPC and their binary mix-

tures in different ratios (indicated). The pictures show the domain formation 

during the LE-LC transition and were recorded during compression of the dif-

ferent monolayers on PBS at 15 °C. 

 

4.5.3 IRRAS of TMCL and DMPC and their mixtures 

For a detailed analysis on the conformation of the lipid molecules at the air/water inter-

face, IRRAS was my method of choice. In the CH2-region of the fatty acid tails, the con-

formation of the lipid chains can be characterized. A conformational change from gauche 

to all-trans can be detected by a shift of the CH2-band from 2924 cm-1 to approximately 

2920 cm-1 for the asymmetric CH2-vibrations (as) and from 2854 cm-1 to 2850 cm-1 for the 

symmetric CH2-vibrations (s). In the LE phase, the chains are in gauche conformation, 

while the chains in the LC phase exhibit an all-trans conformation. Additionally, the analy-
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sis of the OH band is important to receive information about a possible layer thickening 

during compression of the monolayer. The OH band ranges from 3700 to 3200 cm-1. 

Figure 56 shows the spectra of a TMCL monolayer on a PBS subphase at pH 7.0 and 

15 °C. The measurements were performed at different pressures along the π-A isotherm. 

For pressure values below the LE-LC transition, the OH band intensities are almost the 

same (at 2, 5 and 8 mN/m). Above the LE-LC transition, higher band intensities indicate 

an increased layer thickness. Due to the close proximity to the LE-LC coexistence region, 

the intensity increase at 11 mN/m is smaller than those ones at 14 and 17 mN/m. The 

analysis of the CH2-band positions showed a shift for the asymmetric and symmetric CH2-

bands from higher to lower wavenumbers after the LE-LC phase transition. For as, the 

bands are shifted from 2924 cm-1 in the LE phase to 2920 cm-1 in the LC phase. For s, 

the shift occurs from 2854 cm-1 to 2850 cm-1. The IRRAS measurements of DMPC on 

PBS as well as those ones of the binary mixtures in different ratios are presented in the 

appendix (figure 66). 

 

  

Figure 56:  (left) The diagram shows the OH bands of the IRRAS measurements of 

TMCL on PBS at different pressures. During the phase transition, the layer is 

thickened. (right) The spectra show the CH2-bands indicating a conformation 

change from LE to LC. The measurements were performed on PBS at pH 7.0 

and 15 °C. 

 

As identified by comparing the π-A isotherms of the pure substances and binary mixtures, 

the LE-LC phase transition was shifted to higher pressures with increased amounts of 

DMPC. This progress was also followed by IRRAS. Figure 57 shows the wavenumbers of 

the pure substances TMCL and DMPC and their binary mixtures in dependency on differ-

ent surface pressures along the isotherm. It is shown, that the fluid and the condensed 

states of TMCL and DMPC as well as of their mixtures are characterized by the same 
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wavenumbers of the CH2-bands. Taking the mid-points of the eyes guidelines gives very 

roughly the pressures of the transitions from gauche to all-trans (table 11). 

 

 

Figure 57: The diagram summarizes the values for the LE-LC phase transitions obtained 

by IRRAS. The position of the band of the asymmetric CH2-stretching vibra-

tions changed during the LE-LC phase transition from higher to lower wave-

numbers. The monolayers were compressed on PBS subphases at 15 °C. 

 

Table 11: Overview of the gauche to all-trans phase transition pressures of TMCL, 

DMPC and their binary mixtures in different ratios (as indicated) obtained with 

IRRAS. The measurements were conducted on PBS subphases at 15 °C. 

Sample gauche–all-trans (IRRAS) 
mN m

-1
 

TMCL ~10 

90:10 ~11 

75:25 ~12 

50:50 ~14 

25:75 ~16 

10:90 ~22 

DMPC ~31 
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4.5.4 GIXD of TMCL and DMPC and their mixtures 

TMCL and DMPC monolayers as well as the 50:50 TMCL/DMPC mixture were analyzed 

by GIXD in order to prove the assumptions obtained from π-A isotherm measurements, 

BAM and IRRAS. GIXD offers information about the chain lattice structures at pressures 

above the LE-LC transition (LC phase). The π-A isotherm measurements have already 

shown that the LE-LC transition is shifted to higher pressures with increasing amounts of 

DMPC. The isotherms of the mixtures lie between those ones of the pure substances 

TMCL and DMPC. The results are confirmed by GIXD. Due to time limitations during 

beamtime at synchrotron facilities, only the TMCL/DMPC ratio of 50:50 was examined. 

The binary mixture was probed on a PBS subphase at pH 7.0 and 15 °C as well as on 

H2O at 15 °C. TMCL and DMPC monolayers were analyzed on H2O subphases at 15 °C. 

A detailed analysis of TMCL on PBS at pH 7.0 and 15 °C is already given in chapter 4.2. 

In this chapter, the data are shown again for comparison. For the zwitterionic lipid DMPC, 

the GIXD results of measurements on either H2O or PBS subphases are expected to be 

the same (Kewalramani et al 2010, Kunz 2010). Therefore, DMPC was only measured on 

H2O. 

Figure 58 compares the contour plots of TMCL (top), TMCL/DMPC 50:50 (middle) and 

DMPC (bottom) on H2O at 15 °C. The diffracted intensities are plotted versus the in-plane 

(Qxy) and out-of-plane (Qz) components of the scattering vector. The measurements were 

carried out at different pressure values along the π-A isotherm. Both lipids and the mixture 

form orthorhombic structures at the lower lateral pressures of the measurements. The 

structures are indicated by two Bragg peaks and compression leads to the reduction of 

the tilt angle. Finally, a hexagonal packing of non-tilted chains is reached. This is indicated 

by one Bragg peak. One might notice that an oblique structure is not observed for TMCL 

on H2O in contrast to the measurements of TMCL on PBS. This originates from the effect 

of salt concentration in the PBS subphase. With increasing salt concentration, the LE-LC 

transition is shifted to higher pressures. (Kensbock 2017) investigated TMCL monolayers 

on H2O as well as on various monovalent and divalent salt subphases. The results can be 

gleaned in his dissertation. For all monolayers, the tilt of the chains decreases nearly line-

arly upon compression. For TMCL and the TMCL/DMPC mixture, also the non-tilted state 

was reached during the experiments. The diffraction data are shown in the appendix (ta-

bles 26–28). 
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Contour plots: TMCL on H2O at 15 °C 

 

Contour plots: TMCL/DMPC 50:50 on H2O at 15 °C 

 

Contour plots: DMPC on H2O at 15 °C 

 

Figure 58: Selected contour plots show the x-ray intensities versus the in-plane (Qxy) and 

out-of-plane (Qz) components of the scattering vector of TMCL (top), 50:50 
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TMCL/DMPC (middle, artifacts from the detector are visible) and DMPC (bot-

tom) on H2O at 15 °C. For all monolayers, the tilt of the chains changes almost 

continuously upon monolayer compression. For DMPC, the non-tilted state 

was not reached during the measurement. The LE-LC transition of the mixture 

is between those ones of the pure substances. 

 

The tilting transition pressures were determined through extrapolation of the linear de-

pendency of 1/cos(t) versus π to 1 (appendix, figure 67). For TMCL on H2O, πt amounts to 

15.0 mN/m and for DMPC to 59.6 mN/m. The TMCL/DMPC mixture shows the transition 

from the tilted to the non-tilted state of the alkyl chains at 33.6 mN/m. The value is be-

tween those ones measured for the pure substances. Therefore, the results fit to the π-A 

measurements, BAM and IRRAS. Plotting the lattice distortion versus the sinus square of 

the tilt shows a linear dependency leading to zero distortion for non-tilted chains (appen-

dix, figure 67). 

 

In order to draw a direct comparison between the other experimental techniques used in 

this chapter (π-A isotherms, BAM and IRRAS), the GIXD experiments were further con-

ducted on PBS subphases at 15 °C (figure 59). TMCL on PBS at 15 °C was analyzed in 

chapter 4.2 and the results of the GIXD measurements were in conformance to the π-A 

isotherm measurements. Chain lattice structures were observed above the LE-LC transi-

tion and the tilt angle was reduced upon compression of the monolayer. Above the LE-LC 

transition, three Bragg peaks could be observed, referring to an oblique structure. Further 

compression of the monolayer led to the reduction of the tilt angle and to an orthorhombic 

structure indicated by two Bragg peaks. Finally, a hexagonal packing of non-tilted chains 

was observed. For the TMCL/DMPC mixture, the phase transitions from oblique to ortho-

rhombic and from orthorhombic to hexagonal were shifted to higher pressures in order to 

compensate the influence of DMPC. However, the results of the measurements on PBS 

subphases are in line with those ones on H2O subphases. Small discrepancies between 

GIXD and π-A isotherm measurements could arise from different observation modes. The 

bare π-A isotherm measurements were performed in a continuous compression mode and 

the GIXD measurements stepwise with waiting time (10–20 minutes) at the certain pres-

sure values. The structural parameters of the GIXD measurements are summarized in the 

appendix (table 29). Due to stronger van der Waals interactions between the four chains 

of TMCL, the cross-sectional areas are slightly smaller compared to the values observed 

for DMPC and the binary mixtures. The determination of πt is shown in the appendix (fig-

ure 68). For TMCL on PBS, πt amounts to 32.4 mN/m and for the TMCL/DMPC mixture to 

44.2 mN/m. The elevated salt concentration in the PBS subphase shifts the π-A isotherm 
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to higher pressures compared to H2O. The parameters of the phase transitions are listed 

in table 12. 

 

Contour plots: TMCL on PBS at pH 7.0 and 15 °C. 

 

Contour plots: TMCL/DMPC 50:50 on PBS at pH 7.0 and 15 °C. 

 

Figure 59: The selected contour plots show the x-ray intensities versus the in-plane (Qxy) 

and out-of-plane (Qz) components of the scattering vector of TMCL (top) as 

well as of the binary mixture TMCL/DMPC (bottom, ratio 50:50) on PBS at 

15 °C. The plots show that for TMCL on PBS, the tilt of the chains decreases 

continuously upon compression of the monolayer. This behavior is also ob-

served for the TMCL/DMPC mixture on PBS, but the phase transitions are 

shifted to higher pressures. 
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Table 12: Parameters of the phase transitions of TMCL, DMPC and their binary mixture 

(50:50) on H2O and PBS at 15 °C. The phase transitions were determined by 

GIXD and show the change from tilted to non-tilted chains (πt: L2-LS). 

lipid subphase πt (tilted to non-tilted) 
mN m

-1
 

TMCL H2O 15.0 

TMCL/DMPC (50:50 mixture) H2O 33.6 

DMPC H2O 59.6 

TMCL PBS 32.4 

TMCL/DMPC (50:50 mixture) PBS 44.2 

 

4.5.5 DSC of TMCL and DMPC and their mixtures 

The thermotropic phase behavior of the lipid bilayers composed of TMCL, DMPC or their 

binary mixtures was studied by DSC. The measurements were conducted at the Austrian 

SAXS beamline (Elettra, Trieste, Italy). For this purpose, the samples were prepared as 

aqueous dispersions and PBS was used as aqueous component. Finally, the samples 

were filled into capillaries. Figure 60 summarizes the DSC measurements of TMCL, 

DMPC and their mixtures. Upon heating, the thermogram for TMCL offers a sharp endo-

thermic peak at 46.2 °C. The phase transition was shown to be reversible during the cool-

ing cycle with an exothermic peak at 42.6 °C. For DMPC, an endothermic peak was rec-

orded during the heating cycle at a temperature of 27.2 °C and the associated exothermic 

peak during the cooling cycle at 23.6 °C. The phase transitions observed during my exper-

iments are higher than values known from literature (Lewis et al 2007, Mabrey & Sturte-

vant 1976, Prossnigg et al 2010, Seantier et al 2004). This does not derogate the validity 

of a phase diagram, as it is only shifted to higher temperatures. Due to the fact that al-

ready marginal differences in the capillary diameter could lead to non-ideal heat transfer 

from the sample holder to the sample, small deviations to the literature values of the main 

phase transition temperature (Tm) of TMCL were already expected. Additionally, different 

heating rates influence the temperature of the main phase transition (Masberg 1999). All 

phase transitions of the TMCL/DMPC mixtures can be observed between those ones of 

the pure lipids. The phase transitions observed upon heating turned out to be reversible 

during the cooling cycle. Notably, the peaks of the mixtures of both, the heating and cool-

ing curves are broader than those ones of the pure lipids. This phenomenon is known to 

be characteristic for mixtures (Dörfler et al 1988, Garidel & Blume 1998). The effect of 

peak broadening can be caused by a limitation in the cooperativity of the lipid compounds 

(Losada-Pérez et al 2015). The peak broadening is mostly visible for mixtures in the ratios 

of TMCL/DMPC 75:25, 50:50 and 25:75. For all samples, the exothermic phase transition 
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during the cooling procedure occurs at lower temperatures than the endothermic phase 

transition during the heating cycle (hysteresis effect). 

 

 

Figure 60: The thermograms show the DSC measurements of TMCL (black solid line) 

and DMPC (black dotted line) as well as of their binary mixtures (90:10 dark 

grey line, 75:25 grey line, 50:50 light grey line, 25:75 grey dotted line, 10:90 

dark grey dotted line). The curves are shifted in vertical direction to provide a 

better overview. The samples were measured as aqueous dispersions in PBS. 

The heating rate was 1 K/min. 

 

The data of the DSC measurements (table 13) were useful for establishing a phase dia-

gram. For this purpose, the main phase transition temperatures (Tm) of the cooling and 

heating cycles of the lipids and their binary mixtures were determined as well as the peak 

onset and end values. The temperatures were plotted in dependency on the TMCL mole 

fraction. Figure 61 shows the peak values for the heating and cooling cycles, respectively. 

All phase transitions recorded during the heating cycle were reversible in the cooling part. 

As already observed in the thermograms, the peaks of the mixtures are broader than 

those ones of the pure lipids. For the peak onsets of the heating cycle, the temperature 

increases nearly linear with increasing TMCL mole fraction. This linearity was neither ob-

served for the peak ending points of the heating part nor for the peak onset and ending 

points of the cooling part. The Tm values do not show linearity either. The non-linear shift 

of Tm as a function of the mole fraction proves that the mixing is complete but not ideal. 
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The deviation from linearity to higher values in the mixtures can be taken as an indication 

that the interaction between DMPC and TMCL is stronger compared to interactions be-

tween the pure compounds. Figure 62 shows the Tm values of the heating and cooling 

cycles in one phase diagram.  

 

  

Figure 61: The DSC phase diagrams show the temperatures of the peak onset and end-

ing points as well as the peak maxima Tm as a function of the mole fraction 

during the heating and cooling periods. The course of the eye’s guideline re-

veals that the binary system mixes complete but not ideal. The samples were 

measured as aqueous dispersions in PBS. 

 

Table 13: Data obtained from DSC measurements. The measurements were conducted 

at the Austrian SAXS beamline (Elettra, Trieste, Italy) yielding: peakonset, 

peakend, peakwidth and Tm for the cooling and heating cycles of TMCL, DMPC 

and their binary mixtures as aqueous dispersions in PBS. 

Sample PeakOnset, 
°C 

PeakEnd, 
°C 

Peakwidth, 
°C 

Tm, 
°C 

PeakOnset, 
°C 

PeakEnd, 
°C 

Peakwidth, 
°C 

Tm, 
°C 

 Heating Cooling 

TMCL 45,3 47,2 1.9 46.2 43,7 41,5 2.2 42.6 

90:10 43,8 45,9 2.1 45.0 42,4 40,1 2.3 41.6 

75:25 42,0 45,5 3.5 44.1 41,7 38,0 3.7 41.0 

50:50 37,7 43,3 5.6 41.4 39,6 33,1 6.5 38.7 

25:75 32,2 39,7 7.5 37.0 33,7 25,8 7.9 31.6 

10:90 28,8 31,1 2.3 29.8 27,7 24,8 2.9 26.4 

DMPC 26,5 28,1 1.6 27.2 24,3 22,8 1.5 23.6 
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Figure 62: The phase diagram compares the main phase transition temperatures Tm of 

the DSC heating and cooling cycles of the lipids TMCL and DMPC and their 

binary mixtures in different ratios. The samples were measured as aqueous 

dispersions in PBS. 

 

4.5.6 Summary and Conclusions 

For the investigation of binary mixtures containing TMCL and DMPC, π-A isotherm meas-

urements were coupled with BAM, IRRAS and GIXD. Additionally, DSC measurements 

were carried out. The experiments included the investigation of the pure lipids TMCL and 

DMPC and their binary mixtures in different ratios. The combination of different techniques 

allowed to obtain detailed information on the structures of the binary mixtures. First of all, 

π-A isotherm measurements showed that the LE-LC phase transitions of the mixtures are 

between those ones of the pure substances. The π-A isotherms were shifted to smaller 

areas and higher pressures upon increasing the amount of DMPC. Furthermore, an in-

crease in the DMPC amount led to a more and more inclined plateau region and a re-

duced plateau length. BAM analysis revealed that the TMCL monolayer forms flower-like 

growing domains in the course of compression. In case of the mixtures, the domains are 

at first getting frayed and later on smaller and rounder with increasing amounts of DMPC 

indicating an increase in line tension. Now, the nucleation is favored compared to the do-

main growth. Finally, for DMPC, the LE-LC phase transition could be followed by BAM 

only through an increasing brightness of the monolayer. Domains cannot be seen maybe 
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because of their small size. IRRAS measurements supported the information obtained by 

π-A isotherms and BAM. The spectra were recorded at various pressure values along the 

π-A isotherm. The fluid and the condensed states of TMCL and DMPC and their binary 

mixtures were characterized by the same wavenumbers of the CH2-bands. With higher 

amounts of DMPC, the transition of the lipid chain conformation from gauche to all-trans 

was shifted to smaller areas and higher pressures. GIXD measurements revealed the 

structures of TMCL, DMPC and their binary mixture on H2O as well as on PBS at 15 °C. 

On the H2O subphase, TMCL and the TMCL/DMPC mixtures showed a transition from 

orthorhombic to hexagonal upon compression of the monolayer. For DMPC, the non-tilted 

state was not reached during the experiment but determined through extrapolating the 

linear fit of 1/cos(t) versus π to 1. Using PBS as subphase shifts the LE-LC phase transi-

tion of TMCL and the TMCL/DMPC mixture to higher pressures compared to the experi-

ments in which H2O was used as a subphase. On PBS, a transition from oblique to ortho-

rhombic is observed in the early LC phase followed by a transition from orthorhombic to 

hexagonal upon further compression of the monolayer. The DSC measurements showed 

a TMCL phase transition at 46.2 °C. This is higher than the values known from literature, 

which are around 40-42 °C (Lewis et al 2007, Prossnigg et al 2010). Also, for pure DMPC, 

an increased transition temperature was observed as known from literature (Mabrey & 

Sturtevant 1976, Seantier et al 2004). As already mentioned, differences to the literature 

values could be due to non-optimal heat transfer from the sample holder with the heating 

element to the sample. The shift of the phase transition to higher temperatures compared 

to literature values is reasonable since a possible distance between the heating element 

and the sample might lead to a decelerated heat transfer. Furthermore, the temperature of 

the main phase transition is depending on the heating rate (Masberg 1999). Here, the 

heating rate was set to 1 K/min. The mentioned literature values are based on lower heat-

ing rates (e.g. Lewis et al 2007: < 0.2 K/min, Mabrey & Sturtevant 1976: 0.1 K/min, Pos-

nigg et al 2010: 0.5 K/min). Additionally, (Lewis et al 2007) reported that thermotropic 

phase transitions of TMCL and other anionic phospholipids are influenced by the chosen 

medium for preparing the dispersion. These are possible explanations for the differences 

between my Tm values and those ones obtained from the literature. 

A number of publications refer to the characterization of phospholipid mixtures by using 

unsaturated hydrocarbon chains and/or different chain lengths of the lipids in the mixtures 

(e.g. Lewis & McElhaney 2009, Phan & Shin 2015). (Prosnigg et al 2010) published about 

non-ideal mixing between phospholipids due to different hydrocarbon chain lengths which 

led to inconsistent packing constraints. (Losada-Pérez et al 2015) justified this with a limi-

tation in the cooperativity of the different lipids present in the mixture. (Frias et al 2011) 
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probed mixtures of the same length composed of TMCL and DMPE detecting poor misci-

bility of the compounds. In contrast, (Benesch et al 2015) found out, that binary mixtures 

of TMCL and DMPG show nearly ideal miscibility, especially when they include high CL 

concentrations. In this work, the two phospholipids TMCL and DMPC which exhibit the 

same saturated hydrocarbon chain lengths were investigated as single component sys-

tems and as binary mixtures. Similar to the results of (Benesch et al 2015), the mixing 

behavior of TMCL and DMPC was found to be almost ideal. It could be proved that mixing 

was complete. For the mixtures, a peak broadening was observed during the DSC exper-

iments. This effect is also known from literature (Dörfler et al 1988, Garidel & Blume 

1998). Table 14 summarized the transition pressures obtained with the different tech-

niques used for the experiments. 

 

Table 14: The table gives an overview of the phase transitions obtained with the different 

monolayer and bilayer techniques used for the study of TMCL, DMPC and 

their binary mixtures. The monolayer measurements were conducted on PBS 

subphases at 15 °C. 

System LE–LC 
(π-A isotherms) 

mN m
-1

 

gauche–all-trans 
(IRRAS) 
mN m

-1
 

tilted–non-tilted  
(GIXD) 
mN m

-1
 

Tm 

(DSC) 
mN m

-1
 

TMCL (PBS) 8.6 – 9.3 ~10 32.4 46.2 

90:10 (PBS) 9.0 – 9.5 ~11  45.0 

75:25 (PBS) 9.8 – 10.3 ~12  44.1 

50:50 (PBS) 12.4 – 13.3 ~14 44.2 41.4 

25:75 (PBS) 16.7 – 19.3 ~16  37.0 

10:90 (PBS) 21.5 – 25.5 ~22  29.8 

DMPC (H2O) 29.6 – 31.9 ~31 59.6 27.2 
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5 Conclusion and Outlook 

This thesis provides an overview of the properties of tetramyristoyl cardiolipin (TMCL) 

under exposure to different conditions. Cardiolipin (CL) plays an important role in adminis-

tering the structural organization of biological membranes and therefore helps maintaining 

the integer membrane functionality (Ren et al 2014). This also has an essential effect on 

protecting biological membranes from environmental stresses (Hoch 1992, Unsay et al 

2013). The features of CL may result from its unique dimeric structure amongst the class 

of phospholipids (Paradies et al 2014). With its relatively small head group and large hy-

drophobic tail, CL offers a conical shape inducing negative curvature in biological mem-

branes (Osman et al 2011). The appearance of reactive oxygen species (ROS) can lead 

to CL oxidation and therefore to a changed CL symmetry (Lesnefsky & Hoppel 2008). This 

influences, for instance, the affinity to bind cytochrome c (cytc), a water-soluble electron 

carrier protein which takes part in the initiation of apoptosis (Ow et al). Interactions be-

tween CL and cytc permit delivering cytc from the extracellular to the intracellular space of 

biological membranes (Ridder et al 2001). A decrease in the CL level or the oxidation of 

unsaturated alkyl chains results in a lower binding of cytc. This simplifies cytc release and 

therefore leads to an early initiation of the apoptotic process (Ott et al 2002). 

 

TMCL was characterized using the Langmuir monolayer technique, which allows investi-

gating one membrane layer at the air/water interface in a basic and simple manner. Inter-

actions occurring at the model membrane surface between the amphiphilic monolayer and 

cytc dissolved in the subphase were mimicked and the influence of subphase temperature 

and pH on TMCL monolayers was investigated. Modifications induced by ROS on TMCL 

were examined as well as the influence of dimyristoyl phosphatidylcholine (DMPC) on 

TMCL. Targeted on the research objective, π-A isotherms were recorded and later on 

coupled with BAM, IRRAS, GIXD and/or TRXF. TLC and DSC experiments were carried 

out in some cases in order to obtain a more comprehensive overview of the properties of 

TMCL. The environmental conditions of the measurements could be easily adjusted by 

changing the subphase temperature, the pH value or adding a protein to the subphase. 

 

Probing the pH dependent dissociation behavior of CL has shown that the charge density 

is intensified with increasing pH. The charge density depends on the protonation degree 

of the head groups. Amongst other functions, the head group charge influences the elec-

trostatic interactions with and the binding of proteins (Kagan et al 2005). To follow chang-

es in the protonation degree at different pH values, Cs+ was chosen as suitable counter 

ion to interact with the negatively charged TMCL head groups. Cesium offers well-defined 
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fluorescence bands in the preset energy range of the synchrotron facility. For the meas-

urements, a 1 mM cesium subphase was prepared. In addition to cesium ions, TRXF 

measurements revealed significant influences of calcium ions from the used ultrapure 

water. The divalent calcium ions compete for interactions with the TMCL head groups by 

diminishing interactions of the monovalent cesium ions from the subphase. Therefore, 

EDTA was added to the subphase in order to bind the divalent calcium ions and to allow 

only cesium to interact with the TMCL head groups. Increasing the pH led to fluidization of 

the lipid monolayer. This behavior can be related to changes in the lipid packing and pos-

sibly results in membrane curvature instabilities (Khalifat et al 2011). The TMCL structure 

changed from oblique to orthorhombic and finally to hexagonal upon compression of the 

monolayer. The preference in forming hexagonal structures in the non-tilted state of the 

alkyl chains is a result of the conical shape of TMCL which is defined by a relatively small 

head group and a large tail (van den Brink-van der Laan 2004). A possibly interesting top-

ic for future work is the temperature dependent study of TMCL at different pH values on 

cesium subphases to identify the influence of temperature on the protonation state of the 

CL head group. Furthermore, the investigation and comparison of cardiolipins with differ-

ent chain lengths could provide deeper insights into CL research. 

 

The temperature dependent measurements of TMCL revealed linear shifts of the liquid-

expanded (LE) to liquid-condensed (LC) phase to higher pressures with increasing tem-

peratures. This corresponds to an elevated entropy per mole (ΔS). At the same time, the 

absolute ΔS values decrease, as the plateau length is reduced until the critical tempera-

ture is reached. The structures of TMCL in the LC phase were not influenced by changing 

the temperature in the probed range. Upon compression of the monolayer, the structure 

changed from oblique to orthorhombic and finally to hexagonal. An increase in tempera-

ture shifted the first-order phase transition to higher pressures indicating an increased 

permeability of the membrane (Blicher et al 2009). However, the second-order phase 

transition increased only marginal with increasing temperature. This may be based on a 

constant protonation degree of the TMCL head groups which was ensured by the buffer 

subphase. For the pH dependent measurements, the second-order phase transition was 

indeed shifted to higher pressures with increasing pH/deprotonation. Future work could 

extend the investigations on the temperature dependency of TMCL by adding other mem-

brane phospholipids to the monolayer composition or probing lipid-protein interactions. 

Additionally, experiments could be dedicated to extended studies on the temperature de-

pendency of TMCL and other lipids. Besides experiments of single lipids, also mixtures 

could be investigated as well as the effect of e.g. ions dissolved in the subphase. With 
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this, the influences of the monolayer composition on the behavior of TMCL can be deter-

mined. 

 

The analysis of ROS treated TMCL disclosed a high remaining content of untreated TMCL 

in the sample under the predetermined conditions. This was indicated by monolayer ex-

periments and verified by TCL and DSC. Lysocardiolipin (LCL) is assumed as a reaction 

product of the ROS treatment of TMCL. The elimination of one or two alkyl chains would 

result from hydrolysis of the ester groups. (Schlame 2008) published about a possible 

intermediate state of monolyso cardiolipin (MLCL) in the remodeling pathway of CL. And 

(Chu et al 2013) determined MLCL in quantitative assays. These studies strengthen the 

assumption which has been obtained from TLC that LCL is a reaction product of the ROS 

treatment. In order to help determining the entire composition of ROS treated TMCL, the 

sample could be further analyzed by mass spectrometric methods. Another interesting 

future topic is the study of correlations between targeted ROS production and cytc re-

lease. A coordinated shift in the oxidation state of CL may lead to specific ROS production 

which promotes cytc release (Schug & Gottlieb 2009 and citations therein). 

 

Experiments relating to lipid-protein interactions of TMCL with cytc revealed an LE-LC 

phase transition shift to higher pressures compared to the measurements of TMCL with-

out cytc. The dimension of the shift depends on the cytc concentration. From the ordered 

LC phase of TMCL, the protein is mostly squeezed out into the subphase. Transferring the 

results of this study to lipid-protein interactions in biological membranes, lead to the as-

sumption that an increase in pressure could lead to membrane alteration and therefore to 

liberation of cytc. (Ju et al 2009) studied changes in the mitochondrial structure which 

were induced by elevated hydrostatic pressures. Indeed, they observed mitochondrial 

damage and therefore an early release of cytc into the cytoplasm. 

In the context of investigating the interactions between TMCL and cytc, a peristaltic pump 

turned out to be a suitable tool for a subphase exchange without affecting the monolayer. 

As so far only little is known about how cytc is squeezed out of the TMCL monolayer into 

the subphase, future work should include temperature dependent measurements or varia-

tions of the cytc concentration in the subphase. For a broader understanding of lipid-

protein interactions, it is important to know more about the intensities of the lipid-protein 

interactions at different stages during monolayer compression and how the behavior could 

be influenced by the experimental conditions. 
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After investigating TMCL in single component systems, binary mixtures composed of 

TMCL and DMPC were probed in addition. The measurements showed a nearly ideal mix-

ing behavior of the two lipids and it was proven that the mixing was complete. The phase 

transitions of the mixtures occurred between those ones of the pure lipids. The addition of 

DMPC to TMCL monolayers/bilayers leads to an increase in membrane fluidity or, in re-

verse order, adding TMCL to DMPC monolayer/bilayers results in a stiffer and less flexible 

membrane. In future, it would be interesting to investigate the properties of monolayers 

composed of TMCL and other lipids than DMPC. With this, the influence of different lipids 

on the behavior of TMCL could be compared and stabilizing/destabilizing effects on mem-

branes which are induced by changes in the lipid composition could be studied. The anal-

ysis could be also extended by investigating the influence of ROS on binary lipid systems. 

Another possibility is the analysis of lipid-protein interactions at the air/water interface us-

ing a binary monolayer system. 

 

This thesis provides a highly comprehensive overview of several properties of the phos-

pholipid TMCL in monolayer model systems and involves some of the major influencing 

factors on its behavior. In order to reach deeper insights into the topic, the Langmuir mon-

olayer technique (π-A isotherms) was combined with several other methods (BAM, IR-

RAS, GIXD, TRXF). In some cases, the studies were complemented by DSC and TLC. 

The investigations were performed to a large extent at external synchrotron facilities al-

lowing an amplified analysis of TMCL structures under different environmental conditions 

and the detection of interactions between the monolayer and ions from the subphase. 

 

Recently neurodegeneracy (Parkinson’s disease) research has shown that mitochondrial 

cardiolipin helps in buffering synucleinopathy, a disease which is characterized by an ab-

normal metabolism of the protein α-synuclein (Ryan et al 2018). In cardiomyopathy (Barth 

syndrome) research, ROS scavenging turned out to be a promising field for therapeutic 

strategies (Dudek et al 2018, Szeto 2014, Wang et al 2014). The adaption of the Langmuir 

monolayer technique to the requirements of those studies could represent a strategy for 

extending the knowledge in this field for future biomedical research. Hence, this work not 

only improves the understanding of the behavior of CL in biological membranes, but it 

could also be an important contribution to understanding certain diseases such as Parkin-

son’s disease or Barth syndrome. 
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7 Appendix 

7.1 pH dependency of TMCL 

pH 3.0, πt = 12.5 mN/m 

  

pH 3.5, πt = 16.6 mN/m 

  

pH 4.0, πt = 20.4 mN/m 
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pH 4.5, πt = 23.6 mN/m 

  

pH 5.0, πt = 27.8 mN/m 

  

pH 5.5, πt = 32.2 mN/m 
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pH 6.0, πt = 33.8 mN/m 

  

pH 6.5, πt = 41.2 mN/m 

  

pH 7.0, πt = 39.5 mN/m 
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pH 7.5, πt = 44.5 mN/m 

  

pH 8.0, πt = 43.1 mN/m 

  

pH 9.0, πt = 45.7 mN/m 

  

Figure 63: The diagrams refer to the GIXD measurements on the pH dependency of TMCL 

with 0.1 mM EDTA in the subphase. (left) Extrapolation of 1/cos(t) to 1 yields 

the transition pressure πt at the different pH values from pH 3.0 to pH 9.0. 

(right) The plots show the linear fits of the lattice distortion versus the sinus 

square of the tilt angle at the investigated pH values, the linear dependence 

leads to zero distortion for non-tilted chains. The red lines correspond to the lin-
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ear fits. The axis scaling was chosen according to the requirements and is 

therefore not equal for all measurements. 

 

Table 15 Structural parameters of the GIXD measurements of TMCL on a 1 mM Cs sub-

phase with 0.1 mM EDTA at 20 °C and different pH values (15a–15l, pH as in-

dicated). The measurements were conducted at the beamline P08 (PETRA III, 

Hamburg) yielding: surface pressure (π), peak positions (Qxy and Qz), lattice of 

the unit cell (a, b and c), distortion (d), tilt (t), in-plane lattice area of one chain 

(Axy), cross-sectional area (A0) and correlation length (Lxy
1, Lxy

2 and Lxy
3). 

Table 15a: pH 3.0 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

0 1.483 0.190 1.469 0.400 1.449 0.590 4.886 

4.954 

5.001 

0.0269 22.6 21.2 19.6 350 236 216 

2 1.487 0.144 1.466 0.332 1.458 0.476 4.894 

4.921 

4.991 

0.0236 18.6 21.1 20.0 350 150 577 

4 1.490 0.115 1.478 0.279 1.476 0.393 4.880 

4.887 

4.927 

0.0118 15.3 20.8 20.0 350 146 350 

6 1.494 0 1.487 0.256 - - 4.887 

4.863 

0.0063 11.3 20.6 20.2 852 247 - 

8 1.497 0 1.494 0.229 - - 4.859 

4.850 

0.0027 10.0 20.4 20.1 852 350 - 

10 1.499 0 1.496 0.199 - - 4.853 

4.843 

0.0027 8.7 20.3 20.1 681 350 - 

15 1.501 0 - - - - 4.834 0 0 - 20.2 506 - - 

 

Table 15b: pH 3.5 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

2 1.485 0.137 1.472 0.362 1.453 0.499 4.880 

4.943 

4.987 

0.0253 19.6 21.1 19.9 350 453 186 

4 1.489 0.135 1.484 0.360 1.464 0.495 4.863 

4.919 

4.946 

0.0199 19.3 20.9 19.7 453 681 154 

6 1.493 0.132 1.486 0.265 1.473 0.397 4.853 

4.896 

4.919 

0.0158 15.4 20.7 20.0 852 453 186 

8 1.493 0.122 1.483 0.238 1.478 0.360 4.865 

4.882 

4.914 

0.0119 13.9 20.7 20.1 506 306 146 

10 1.495 0 1.490 0.253 - - 4.875 

4.858 

0.0045 11.1 20.5 20.1 852 306 - 

12 1.498 0 1.495 0.208 - - 4.856 

4.846 

0.0027 9.1 20.4 20.1 577 411 - 

15 1.501 0 1.497 0.188 - - 4.851 

4.838 

0.0036 8.3 20.3 20.1 852 411 - 

18 1.500 0 - - - - 4.837 0 0 - 20.3 453 - - 
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Table 15c: pH 4.0 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

2 1.483 0.137 1.467 0.381 1.440 0.518 4.881 

4.973 

5.027 

0.0342 20.5 21.3 20.0 350 193 225 

7 1.485 0.143 1.472 0.366 1.451 0.509 4.877 

4.948 

4.992 

0.0269 19.9 21.1 19.9 350 208 200 

9 1.489 0.141 1.480 0.360 1.462 0.501 4.863 

4.923 

4.953 

0.0215 19.5 20.9 19.7 506 411 180 

11 1.490 0.124 1.476 0.325 1.469 0.449 4.877 

4.900 

4.947 

0.0167 17.6 20.9 19.9 411 180 453 

13 1.492 0 1.482 0.283 - - 4.907 

4.873 

0.0090 12.5 20.7 20.2 577 236 - 

15 1.494 0 1.489 0.258 - - 4.878 

4.862 

0.0045 11.3 20.5 20.1 852 289 - 

20 1.498 0 - - - - 4.843 0 0 - 20.3 453 - - 
 

Table 15d: pH 4.5 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

6 1.484 0.144 1.470 0.380 1.443 0.524 4.876 

4.967 

5.014 

0.0328 20.6 21.2 19.9 411 289 138 

8 1.486 0.141 1.473 0.347 1.452 0.488 4.874 

4.945 

4.988 

0.0262 19.1 21.1 19.9 306 273 193 

12 1.489 0.133 1.476 0.339 1.466 0.472 4.876 

4.909 

4.953 

0.0180 18.4 20.9 19.8 350 259 236 

14 1.491 0.115 1.484 0.251 1.477 0.366 4.866 

4.889 

4.912 

0.0109 14.2 20.7 20.1 411 208 326 

16 1.495 0 1.486 0.252 - - 4.892 

4.863 

0.0081 11.1 20.6 20.2 453 306 - 

18 1.498 0 1.494 0.216 - - 4.861 

4.848 

0.0036 9.5 20.4 20.1 852 411 - 

20 1.499 0 1.496 0.194 - - 4.853 

4.843 

0.0027 8.5 20.3 20.1 681 411 - 

22 1.500 0 1.496 0.187 - - 4.854 

4.841 

0.0036 8.2 20.3 20.1 681 453 - 

24 1.499 0 - - - - 4.840 0 0 - 20.3 506 - - 

26 1.500 0 - - - - 4.837 0 0 - 20.3 506 - - 

28 1.501 0 - - - - 4.834 0 0 - 20.2 506 - - 

30 1.502 0 - - - - 4.830 0 0 - 20.2 577 - - 
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Table 15e: pH 5.0 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

10 1.486 0.137 1.471 0.366 1.447 0.503 4.873 

4.954 

5.005 

0.0309 19.8 21.2 19.9 378 216 180 

12 1.489 0.136 1.481 0.343 1.457 0.479 4.856 

4.936 

4.962 

0.0260 18.7 20.9 19.8 681 247 174 

14 1.490 0.124 1.481 0.303 1.466 0.427 4.863 

4.912 

4.943 

0.0189 16.7 20.8 20.0 506 577 186 

16 1.490 0 1.474 0.305 - - 4.940 

4.887 

0.0145 13.5 20.8 20.3 411 186 - 

20 1.491 0 1.487 0.251 - - 4.883 

4.870 

0.0036 11.0 20.6 20.2 411 208 - 

25 1.500 0 1.497 0.159 - - 4.850 

4.840 

0.0037 7.0 20.3 20.2 681 289 - 

30 1.503 0 - - - - 4.827 0 0 - 20.2 577 - - 
 

Table 15f: pH 5.5 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

15 1.479 0.166 1.450 0.445 1.416 0.611 4.902 

5.020 

5.120 

0.0502 24.1 21.8 19.9 326 146 186 

16 1.481 0.148 1.458 0.409 1.431 0.557 4.896 

4.988 

5.067 

0.0396 22.0 21.5 19.9 289 236 158 

18 1.484 0.144 1.469 0.389 1.443 0.533 4.878 

4.966 

5.016 

0.0326 20.9 21.2 19.8 411 186 164 

20 1.486 0.140 1.473 0.362 1.450 0.502 4.872 

4.949 

4.993 

0.0286 19.7 21.1 19.9 378 146 174 

22 1.487 0 1.466 0.328 - - 4.973 

4.903 

0.0191 14.6 21.0 20.3 259 154 - 

24 1.489 0 1.475 0.302 - - 4.934 

4.888 

0.0126 13.3 20.8 20.3 411 186 - 

26 1.492 0 1.485 0.278 - - 4.893 

4.870 

0.0063 12.2 20.6 20.1 577 236 - 

28 1.495 0 1.491 0.245 - - 4.870 

4.857 

0.0036 10.8 20.5 20.1 852 326 - 

30 1.498 0 1.494 0.113   4.861 

4.848 

0.0036 8.8 20.4 20.2 681 577 - 

35 1.499 0 - - - - 4.840 0 0 - 20.3 506 - - 
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Table 15g: pH 6.0 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

14 1.479 0.163 1.452 0.454 1.417 0.617 4.899 
5.020 
5.113 

0.0495 24.3 21.7 19.8 350 164 138 

15 1.483 0.160 1.463 0.422 1.434 0.582 4.884 
4.982 
5.050 

0.0389 22.8 21.4 19.8 306 118 118 

22 1.485 0.164 1.469 0.401 1.456 0.565 4.889 
4.933 
4.987 

0.0228 21.8 21.1 19.6 350 126 186 

26 1.491 0 1.482 0.281 - - 4.906 
4.876 

0.0081 12.4 20.7 20.2 588 208 -- 

30 1.495 0 1.493 0.195 - - 4.862 
4.856 

0.0018 8.6 20.4 20.2 681 225 -- 

35 1.500 0 - - - - 4.837 0 0 - 20.3 506 - - 
 

Table 15h: pH 6.5 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

18 1.476 0.143 1.432 0.469 1.394 0.612 4.926 
5.061 
5.216 

0.0661 24.8 22.2 20.2 326 107 109 

20 1.477 0.155 1.444 0.464 1.412 0.619 4.916 
5.027 
5.142 

0.0520 24.6 21.9 19.9 306 193 92 

22 1.473 0.149 1.448 0.416 1.416 0.565 4.919 
5.031 
5.117 

0.0456 22.5 21.8 20.2 350 129 158 

24 1.481 0.145 1.455 0.371 1.425 0.515 4.896 
4.999 
5.089 

0.0448 20.6 21.6 20.2 350 146 164 

26 1.482 0.144 1.460 0.384 1.434 0.528 4.892 
4.981 
5.056 

0.0380 20.9 21.4 20.0 350 118 154 

28 1.484 0.138 1.470 0.351 1.447 0.489 4.880 
4.957 
5.004 

0.0294 19.2 21.2 20.0 378 142 142 

30 1.488 0.138 1.481 0.357 1.460 0.495 4.861 
4.931 
4.954 

0.0227 19.2 20.9 19.8 681 259 132 

33 1.488 0 1.475 0.308 - - 4.934 
4.890 

0.0117 13.6 20.8 20.3 411 174 - 

36 1.491 0 1.482 0.280 - - 4.906 
4.876 

0.0081 12.3 20.7 20.2 506 200 - 

40 1.492 0 1.487 0.239 - - 4.885 
4.868 

0.0045 10.5 20.6 20.2 506 273 - 
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Table 15i: pH 7.0 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

16 1.475 0.152 1.434 0.448 1.395 0.600 4.925 

5.063 

5.207 

0.0644 24.2 22.2 20.2 378 135 120 

18 1.478 0.141 1.445 0.398 1.410 0.539 4.909 

5.031 

5.146 

0.0543 21.7 21.9 20.3 378 132 164 

20 1.480 0.140 1.452 0.406 1.421 0.546 4.901 

5.008 

5.104 

0.0469 21.8 21.7 20.1 350 169 142 

22 1.482 0.144 1.463 0.380 1.440 0.524 4.892 

4.970 

5.035 

0.0332 20.6 21.4 20.0 350 208 135 

26 1.484 0.128 1.470 0.333 1.448 0.461 4.881 

4.955 

5.003 

0.0285 18.2 21.2 20.1 378 225 138 

28 1.489 0.128 1.482 0.332 1.460 0.460 4.857 

4.930 

4.953 

0.0236 18.0 20.9 19.9 852 378 132 

30 1.491 0.124 1.482 0.273 1.468 0.397 4.861 

4.907 

4.937 

0.0181 15.5 20.8 20.1 577 852 142 

34 1.490 0 1.480 0.271 - - 4.913 

4.880 

0.0090 11.5 20.7 20.3 378 158 - 

38 1.496 0 1.492 0.116 - - 4.865 

4.858 

0.0018 5.1 20.5 20.4 852 350 - 

 

Table 15j: pH 7.5 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lx
3
, 

Ǻ 

20 1.472 0.151 1.425 0.492 1.385 0.643 4.942 
5.084 
5.252 

0.0705 26.0 22.4 20.1 306 138 129 

22 1.475 0.154 1.435 0.450 1.396 0.604 4.924 
5.061 
5.202 

0.0635 24.3 22.2 20.3 306 146 150 

24 1.477 0.149 1.437 0.414 1.403 0.563 4.922 
5.041 
5.182 

0.0595 22.7 22.0 20.2 326 120 180 

26 1.479 0.147 1.444 0.434 1.413 0.591 4.912 
5.020 
5.142 

0.0528 23.5 21.8 20.0 326 109 208 

28 1.480 0.149 1.450 0.385 1.421 0.534 4.905 
5.005 
5.109 

0.0470 21.3 21.7 20.2 411 91 225 

30 1.481 0.146 1.456 0.396 1.434 0.542 4.903 
4.979 
5.064 

0.0373 21.4 21.5 20.0 326 169 146 

35 1.485 0 1.459 0.345 - - 5.003 
4.915 

0.0237 15.4 21.2 20.4 350 109 - 

40 1.487 0 1.474 0.306 - - 4.937 
4.894 

0.0117 13.5 20.9 20.3 378 174 - 
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Table 15k: pH 8.0 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

18 1.474 0.131 1.435 0.487 1.396 0.618 4.926 

5.063 

5.201 

0.0627 25.1 22.2 20.1 378 132 126 

22 1.479 0.152 1.447 0.458 1.412 0.610 4.905 

5.026 

5.137 

0.0535 24.3 21.8 19.9 326 150 132 

26 1.481 0.141 1.456 0.400 1.427 0.541 4.896 

4.996 

5.013 

0.0429 21.5 21.6 20.1 350 158 146 

30 1.484 0.135 1.466 0.370 1.442 0.505 4.883 

4.965 

5.026 

0.0332 20.0 21.3 20.0 378 150 154 

35 1.486 0 1.467 0.324 - - 4.967 

4.904 

0.0172 14.4 21.0 20.3 453 115 146 

40 1.494 0 1.486 0.203 - - 4.890 

4.867 

0.0063 9.0 20.6 20.3 506 208 - 

 

Table 15l: pH 9.0 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

17 1.477 0.151 1.439 0.459 1.400 0.610 4.914 

5.051 

5.185 

0.0618 24.5 22.1 20.1 378 115 129 

19 1.477 0.148 1.441 0.438 1.406 0.586 4.916 

5.039 

5.165 

0.0569 23.5 22.0 20.1 350 146 120 

21 1.481 0.134 1.457 0.447 1.419 0.581 4.885 

5.016 

5.099 

0.0496 23.2 21.6 19.9 378 96 80 

25 1.483 0.140 1.464 0.380 1.438 0.520 4.886 

4.974 

5.038 

0.0357 20.6 21.4 20.0 350 208 120 

30 1.488 0.128 1.481 0.333 1.459 0.461 4.860 

4.933 

4.956 

0.0236 18.1 20.9 19.9 852 306 120 

35 1.487 0.107 1.477 0.281 1.461 0.388 4.873 

4.926 

4.960 

0.0205 15.4 21.0 20.2 326 289 259 

40 1.490 0 1.479 0.261 - - 4.918 

4.881 

0.0099 11.5 20.7 20.3 453 158 - 
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7.2 Temperature dependency of TMCL 

Temperature: 5 °C, πt = 29.7 mN/m 

  

Temperature: 10 °C, πt = 34.5 mN/m 

  

Temperature: 15 °C, πt = 32.4 mN/m 
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Temperature: 20 °C, πt = 36.1 mN/m 

  

Temperature: 25 °C, πt = 35.0 mN/m 

  

Figure 64: The diagrams refer to the GIXD measurements on the temperature dependency 

of TMCL. The measurements were carried out on PBS subphases at pH 7.0. 

(left) The diagrams show the extrapolation of 1/cos(t) to 1 yielding the transition 

pressure πt at different temperatures. (right) The plots show the linear fits of the 

lattice distortion versus the sinus square of the tilt at the investigated tempera-

tures, the linear dependence leads to zero distortion for non-tilted chains. The 

red lines correspond to the linear fits. The axis scaling was chosen according to 

the requirements and is therefore not equal for all measurements. 
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Table 16: Structural parameters of TMCL on a PBS subphase at pH 7.0 and 5 °C. The 

measurements were conducted at the beamline P08 (PETRA III, Hamburg) 

yielding: surface pressure (π), peak positions (Qxy and Qz), lattice of the unit cell 

(a, b and c), distortion (d), tilt (t), in-plane lattice area of one chain (Axy), cross-

sectional area (A0) and correlation length (Lxy
1, Lxy

2 and Lxy
3). 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

3 1.474 0.048 1.415 0.621 1.370 0.669 4.945 

5.108 

5.321 

0.0849 28.7 22.7 19.9 378 138 186 

4 1.475 0.048 1.422 0.635 1.377 0.683 4.934 

5.095 

5.289 

0.0796 29.1 22.5 19.7 378 138 186 

5 1.477 0.098 1.428 0.582 1.385 0.680 4.924 

5.077 

5.251 

0.0744 28.1 22.3 19.7 378 138 186 

6 1.478 0.106 1.433 0.562 1.391 0.668 4.917 

5.065 

5.224 

0.0701 27.4 22.2 19.7 378 142 193 

8 1.480 0.122 1.440 0.524 1.400 0.646 4.906 

5.046 

5.186 

0.0641 26.2 22.0 19.8 350 154 193 

10 1.483 0.134 1.447 0.478 1.410 0.612 4.894 

5.023 

5.148 

0.0582 24.6 21.8 19.8 350 158 200 

12 1.485 0.141 1.456 0.451 1.421 0.592 4.881 

5.002 

5.101 

0.0508 23.6 21.6 19.8 350 158 200 

14 1.488 0.141 1.463 0.425 1.430 0.566 4.869 

4.981 

5.066 

0.0459 22.4 21.4 19.8 350 135 216 

16 1.490 0.135 1.468 0.394 1.439 0.529 4.863 

4.961 

5.035 

0.0403 20.9 21.2 19.8 326 154 225 

18 1.492 0.016 1.478 0.379 1.447 0.516 4.845 

4.949 

4.996 

0.0360 20.3 21.0 19.7 453 118 236 

20 1.500 0.140 1.491 0.304 1.471 0.444 4.825 

4.891 

4.921 

0.0230 17.2 20.6 19.7 411 200 169 

22 1.500 0.124 1.490 0.300 1.478 0.424 4.835 

4.874 

4.907 

0.0171 16.5 20.6 19.7 306 174 135 

24 1.500 0 1.479 0.265 - - 4.929 

4.860 

0.0189 11.7 20.6 20.2 289 174 - 

26 1.504 0 1.492 0.249 - - 4.876 

4.837 

0.0107 10.9 20.4 20.0 350 126 - 

28 1.508 0 1.499 0.204 - - 4.850 

4.821 

0.0080 9.0 20.2 20.0 411 154 - 

30 1.512 0 1.501 0.145 - - 4.845 

4.810 

0.0098 6.4 20.1 20.0 411 200 - 

 



7 Appendix 

  

- 150 - 

Table 17: Structural parameters of TMCL on a PBS subphase at pH 7.0 and 10°C. The 

measurements were conducted at the beamline P08 (PETRA III, Hamburg) 

yielding: surface pressure (π), peak positions (Qxy and Qz), lattice of the unit cell 

(a, b and c), distortion (d), tilt (t), in-plane lattice area of one chain (Axy), cross-

sectional area (A0) and correlation length (Lxy
1, Lxy

2 and Lxy
3). 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

8 1.478 0.185 1.433 0.518 1.391 0.703 4.917 

5.065 

5.224 

0.0701 27.8 22.2 19.7 350 169 158 

10 1.479 0.171 1.440 0.492 1.400 0.664 4.908 

5.048 

5.185 

0.0633 26.3 22.0 19.7 350 164 142 

12 1.482 0.164 1.450 0.456 1.413 0.620 4.893 

5.021 

5.132 

0.0550 24.5 21.8 19.8 289 158 150 

13 1.483 0.162 1.452 0.455 1.419 0.618 4.892 

5.006 

5.113 

0.0509 24.3 21.7 19.7 306 150 138 

14 1.485 0.155 1.458 0.405 1.426 0.560 4.882 

4.992 

5.084 

0.0468 22.1 21.5 19.9 306 138 129 

16 1.486 0.161 1.462 0.443 1.436 0.604 4.882 

4.970 

5.051 

0.0395 23.6 21.4 19.6 200 146 150 

17 1.489 0.159 1.478 0.429 1.477 0.588 4.852 

4.956 

4.992 

0.0341 22.8 21.1 19.4 326 142 94 

18 1.491 0.166 1.478 0.418 1.448 0.584 4.848 

4.949 

4.992 

0.0345 22.6 21.0 19.4 453 158 123 

19 1.493 0.144 1.485 0.375 1.458 0.518 4.839 

4.929 

4.956 

0.0286 20.2 20.9 19.6 506 236 105 

21 1.496 0.093 1.488 0.350 1.464 0.493 4.833 

4.912 

4.939 

0.0259 19.1 20.7 19.6 852 225 118 

22 1.494 0.137 1.483 0.345 1.467 0.483 4.851 

4.904 

4.940 

0.0211 18.8 20.8 19.7 289 326 146 

23 1.496 0.137 1.488 0.369 1.471 0.506 4.840 

4.896 

4.923 

0.0198 19.6 20.7 19.5 453 208 142 

27 1.496 0 1.484 0.312 - - 4.902 

4.863 

0.0108 13.7 20.6 20.0 326 154 - 

30 1.500 0 1.494 0.267 - - 4.863 

4.843 

0.0054 11.7 20.4 20.0 411 154 - 

35 1.507 0 - - - - 4.814 - - - 20.1 453 - - 
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Table 18: Structural parameters of TMCL on a PBS subphase at pH 7.0 and 15 °C. The 

measurements were conducted at the beamline P08 (PETRA III, Hamburg) 

yielding: surface pressure (π), peak positions (Qxy and Qz), lattice of the unit cell 

(a, b and c), distortion (d), tilt (t), in-plane lattice area of one chain (Axy), cross-

sectional area (A0) and correlation length (Lxy
1, Lxy

2 and Lxy
3). 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

10 1.475 0.151 1.426 0.517 1.385 0.668 4.932 

5.078 

5.253 

0.0729 27.0 22.4 19.9 378 120 146 

12 1.477 0.144 1.436 0.453 1.397 0.597 4.918 

5.056 

5.200 

0.0643 24.1 22.1 20.2 350 118 150 

14 1.480 0.154 1.444 0.449 1.407 0.603 4.904 

5.033 

5.159 

0.0583 24.1 21.9 20.0 350 107 154 

16 1.482 0.148 1.449 0.426 1.416 0.574 4.898 

5.012 

5.126 

0.0526 22.9 21.7 20.0 350 101 193 

20 1.488 0.134 1.475 0.359 1.449 0.493 4.862 

4.950 

4.993 

0.0311 19.4 21.1 19.9 350 174 115 

22 1.488 0 1.462 0.348 - - 4.992 

4.905 

0.0236 15.5 21.1 20.3 326 105 - 

24 1.490 0 1.467 0.302 - - 4.972 

4.895 

0.0209 13.4 21.0 20.4 326 113 - 

26 1.492 0 1.475 0.288 - - 4.938 

4.882 

0.0153 12.8 20.8 20.3 326 120 - 

28 1.494 0 1.478 0.259 - - 4.927 

4.870 

0.0144 11.5 20.7 20.3 326 146 - 

30 1.500 0 1.493 0.237 - - 4.867 

4.844 

0.0063 10.4 20.4 20.1 453 208 - 

32 1.503 0 1.499 0.190 - - 4.844 

4.831 

0.0036 8.3 20.3 20.0 506 273 - 

34 1.503 0 - - - - 4.827 - - - 20.2 453 - - 
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Table 19 Structural parameters of TMCL on a PBS subphase at pH 7.0 and 20 °C. The 

measurements were conducted at the beamline P08 (PETRA III, Hamburg) 

yielding: surface pressure (π), peak positions (Qxy and Qz), lattice of the unit cell 

(a, b and c), distortion (d), tilt (t), in-plane lattice area of one chain (Axy), cross-

sectional area (A0) and correlation length (Lxy
1 and Lxy

2 and Lxy
3). 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

15 1.484 0.164 1.469 0.422 1.444 0.586 4.878 

4.963 

5.014 

0.0317 22.7 21.2 19.6 350 208 115 

19 1.484 0.143 1.474 0.374 1.448 0.517 4.872 

4.959 

4.933 

0.0291 20.2 21.1 19.8 411 225 111 

21 1.489 0.136 1.476 0.352 1.456 0.488 4.863 

4.930 

4.977 

0.0267 19.1 21.0 19.8 506 306 132 

23 1.490 0.120 1.480 0.291 1.463 0.411 4.862 

4.918 

4.952 

0.0213 16.1 20.9 20.0 506 350 126 

27 1.491 0 1.480 0.255 - - 4.914 

4.878 

0.0099 11.3 20.7 20.3 411 186 - 

29 1.494 0 1.484 0.243 - - 4.900 

4.867 

0.0090 10.7 20.6 20.2 452 174 - 

31 1.497 0 1.494 0.175- - - 4.859 

4.850 

0.0027 7.7 20.4 20.2 681 306 - 

35 1.500 0 1.498 0.114 - - 4.845 

4.840 

0.0018 5.0 20.3 20.2 577 506 - 

41 1.502 0 - - - - 4.830 - - 20.2 20.2 577 -  
 

Table 20: Structural parameters of TMCL on a PBS subphase at pH 7.0 and 25 °C. The 

measurements were conducted at the beamline P08 (PETRA III, Hamburg) 

yielding: surface pressure (π), peak positions (Qxy and Qz), lattice of the unit cell 

(a, b and c), distortion (d), tilt (t), in-plane lattice area of one chain (Axy), cross-

sectional area (A0) and correlation length (Lxy
1, Lxy

2 and Lxy
3). 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a / b, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

20 1.485 0.120 1.478 0.291 1.455 0.411 4.869 

4.946 

4.969 

0.0246 16.2 21.0 20.2 577 236 126 

24 1.487 0 1.474 0.278 - - 4.937 

4.894 

0.0117 12.3 20.9 20.4 411 154 - 

26 1.490 0 1.478 0.257 - - 4.922 

4.883 

0.0108 11.4 20.8 20.3 453 169 - 

28 1.490 0 1.472 0.240 - - 4.949 

4.889 

0.0163 10.7 20.9 20.5 378 150 - 

30 1.492 0 1.486 0.160 - - 4.889 

4.869 

0.0054 7.1 20.6 20.4 681 216 - 

32 1.496 0 1.491 0.155 - - 4.871 

4.855 

0.0047 6.8 20.5 20.3 853 681 - 
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7.3 TMCL and reactive oxygen species (ROS) 

Table 21: Structural parameters of TMCL on a PBS subphase at pH 7.0 and 20 °C. The 

data are taken from the temperature dependent measurements of TMCL and 

shown again for comparison. The measurements were conducted at the beam-

line P08 (PETRA III, Hamburg) yielding: surface pressure (π), peak positions 

(Qxy and Qz), unit cell parameters (a, b and c), distortion (d), tilt (t), in-plane lat-

tice area of one chain (Axy), cross-sectional area (A0) and correlation length 

(Lxy
1 and Lxy

2 Lxy
3). 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

15 1.484 0.164 1.469 0.422 1.444 0.586 4.878 

4.963 

5.014 

0.0317 22.7 21.2 19.6 350 208 115 

19 1.484 0.143 1.474 0.374 1.448 0.517 4.872 

4.959 

4.933 

0.0291 20.2 21.1 19.8 411 225 111 

21 1.489 0.136 1.476 0.352 1.456 0.488 4.863 

4.930 

4.977 

0.0267 19.1 21.0 19.8 506 306 132 

23 1.490 0.120 1.480 0.291 1.463 0.411 4.862 

4.918 

4.952 

0.0213 16.1 20.9 20.0 506 350 126 

27 1.491 0 1.480 0.255 - - 4.914 

4.878 

0.0099 11.3 20.7 20.3 411 186 - 

29 1.494 0 1.484 0.243 - - 4.900 

4.867 

0.0090 10.7 20.6 20.2 452 174 - 

31 1.497 0 1.494 0.175- - - 4.859 

4.850 

0.0027 7.7 20.4 20.2 681 306 - 

35 1.500 0 1.498 0.114 - - 4.845 

4.840 

0.0018 5.0 20.3 20.2 577 506 - 

41 1.502 0 - - - - 4.830 - - 20.2 20.2 577 -  
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Table 22: Structural parameters of TMCL + ROS on a PBS subphase at pH 7.0 and 

20 °C. The measurements were conducted at the beamline P08 (PETRA III, 

Hamburg) yielding: surface pressure (π), peak positions (Qxy and Qz), lattice of 

the unit cell (a and b), distortion (d), tilt (t), in-plane lattice area of one chain 

(Axy), cross-sectional area (A0) and correlation length (Lxy
1 and Lxy

2). 

π,  
mNm

-1
 

Qxy
1
,  

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
,  

Å
-1

 
Qz

2
, 

Ǻ
-1

 

a/b, 

Å
 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

13 1.482 0 1.454 0.360 5.022 

4.928 

0.0256 16.1 21.3 20.5 216 78 

18 1.484 0 1.454 0.353 5.025 

4.923 

0.0274 15.8 21.3 20.5 259 91 

21 1.487 0 1.462 0.304 4.991 

4.907 

0.0227 13.6 21.1 

 

20.5 247 111 

24 1.493 0 1.476 0.242 4.935 

4.878 

0.0153 10.8 20.8 20.4 350 146 

27 1.497 0 1.489 0.221 4.881 

4.855 

0.0072 9.7 20.5 20.2 453 216 

30 1.499 0 1.497 0.178 4.848 

4.842 

0.0018 7.8 20.3 20.1 577 453 

35 1.502 0 - - 4.830 - 0 20.2 20.2 577 - 
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7.4 TMCL and the influence of cytochrome c (cytc) 

Table 23: Structural parameters of TMCL on a PBS subphase at pH 7.0 and 15 °C. The 

data are taken from the temperature dependent measurements of TMCL and 

shown again for comparison. The measurements were conducted at the beam-

line P08 (PETRA III, Hamburg) yielding: surface pressure (π), peak positions 

(Qxy and Qz), lattice of the unit cell (a, b and c), distortion (d), tilt (t), in-plane lat-

tice area of one chain (Axy), cross-sectional area (A0) and correlation length 

(Lxy
1, Lxy

2 and Lxy
3). 

π, 

mNm
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

10 1.475 0.151 1.426 0.517 1.385 0.668 4.932 

5.078 

5.253 

0.0729 27.0 22.4 19.9 378 120 146 

12 1.477 0.144 1.436 0.453 1.397 0.597 4.918 

5.056 

5.200 

0.0643 24.1 22.1 20.2 350 118 150 

14 1.480 0.154 1.444 0.449 1.407 0.603 4.904 

5.033 

5.159 

0.0583 24.1 21.9 20.0 350 107 154 

16 1.482 0.148 1.449 0.426 1.416 0.574 4.898 

5.012 

5.126 

0.0526 22.9 21.7 20.0 350 101 193 

20 1.488 0.134 1.475 0.359 1.449 0.493 4.862 

4.950 

4.993 

0.0311 19.4 21.1 19.9 350 174 115 

22 1.488 0 1.462 0.348 - - 4.992 

4.905 

0.0236 15.5 21.1 20.3 326 105 - 

24 1.490 0 1.467 0.302 - - 4.972 

4.895 

0.0209 13.4 21.0 20.4 326 113 - 

26 1.492 0 1.475 0.288 - - 4.938 

4.882 

0.0153 12.8 20.8 20.3 326 120 - 

28 1.494 0 1.478 0.259 - - 4.927 

4.870 

0.0144 11.5 20.7 20.3 326 146 - 

30 1.500 0 1.493 0.237 - - 4.867 

4.844 

0.0063 10.4 20.4 20.1 453 208 - 

32 1.503 0 1.499 0.190 - - 4.844 

4.831 

0.0036 8.3 20.3 20.0 506 273 - 

34 1.503 0 - - - - 4.827 - - - 20.2 453 - - 
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Table 24: Structural parameters of TMCL on a PBS subphase (pH 7.0) containing 100 nM 

cytc. The measurements were conducted at the beamline P08 (PETRA III, 

Hamburg) yielding: surface pressure (π), peak positions (Qxy and Qz), lattice of 

the unit cell (a, b and c), distortion (d), tilt (t), in-plane lattice area of one chain 

(Axy), cross-sectional area (A0) and correlation length (Lxy
1, Lxy

2 and Lxy
3). The 

temperature was set to 15 °C. 

π, 

mN m
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

18 1.482 0.154 1.455 0.442 1.420 0.596 4.889 

5.009 

5.102 

0.0493 23.6 21.6 19.8 350 150 193 

19 1.482 0.150 1.455 0.427 1.424 0.577 4.893 

5.000 

5.092 

0.0461 22.9 21.6 19.9 326 208 216 

21 1.484 0.150 1.458 0.430 1.426 0.580 4.884 

4.994 

5.083 

0.0460 22.9 21.5 19.8 350 208 186 

23 1.485 0.149 1.461 0.406 1.432 0.555 4.882 

4.981 

5.062 

0.0420 21.9 21.4 19.9 350 247 169 

25 1.486 0.146 1.465 0.397 1.439 0.543 4.878 

4.966 

5.037 

0.0371 21.4 21.3 19.8 326 273 186 

27 1.489 0.151 1.473 0.399 1.447 0.550 4.863 

4.950 

5.004 

0.0332 21.5 21.1 19.7 411 164 180 

29 1.491 0.144 1.481 0.385 1.456 0.529 4.850 

4.934 

4.967 

0.0281 20.6 20.9 19.6 506 273 154 

31 1.491 0 1.469 0.320 - - 4.964 

4.891 

0.0200 14.2 20.9 20.3 506 236 - 

35 1.496 0 1.486 0.251 - - 4.893 

4.861 

0.0090 11.1 20.6 20.2 306 138 - 

40 1.503 0 - - - - 4.827 0 0 - 20.3 453 - - 
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7.4.1 GIXD (Cs subphase) 

 

Figure 65: Selected contour plots of the x-ray intensities versus the in-plane (Qxy) and out-

of-plane (Qz) components of the scattering vector of TMCL on a 1 mM cesium 

subphase with 100 nM cytc at pH 7.0 and 20 °C. Upon compression, the struc-

ture of TMCL changed from oblique to orthorhombic and finally to hexagonal. 

 

Table 25: Structural parameters of TMCL on a 1 mM cesium subphase (pH 7.0) contain-

ing 100 nM cytc. The measurements were conducted at the beamline P08 

(PETRA III, Hamburg) yielding: surface pressure (π), peak positions (Qxy and 

Qz), lattice of the unit cell (a, b and c), distortion (d), tilt (t), in-plane lattice area 

of one chain (Axy), cross-sectional area (A0) and correlation length (Lxy
1, Lxy

2 and 

Lxy
3). The temperature was set to 15 °C. 

π, 

mN m
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

20 1.477 0.162 1.440 0.483 1.405 0.645 4.917 

5.040 

5.169 

0.0577 25.6 22.0 19.8 326 174 158 

23 1.479 0.153 1.448 0.432 1.417 0.585 4.908 

5.015 

5.122 

0.0494 23.3 21.8 20.0 306 164 158 

26 1.481 0.147 1.455 0.385 1.426 0.532 4.897 

4.997 

5.086 

0.0437 21.1 21.6 20.1 326 142 150 

30 1.483 0.145 1.462 0.384 1.438 0.529 4.890 

4.972 

5.043 

0.0356 20.9 21.4 20.0 326 158 174 

35 1.487 0.128 1.478 0.339 1.458 0.466 4.867 

4.934 

4.964 

0.0232 18.3 21.0 19.9 411 259 142 

40 1.490 0 1.480 0.276 - - 4.913 

4.880 

0.0090 12.2 20.7 20.3 453 174 - 

45 1.496 0 1.488 0.206 - - 4.885 

4.858 

0.0072 9.1 20.5 20.3 506 259 - 
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7.5 TMCL in single component systems and binary mixtures with 
DMPC 

7.5.1 IRRAS 

TMCL 90:10 DMPC 

  

TMCL 75:25 DMPC 

  

TMCL 50:50 DMPC 
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TMCL 25:75 DMPC 

  

TMCL 10:90 DMPC 

 
 

100 DMPC 

  

Figure 66: (left) The diagrams show the OH bands of DMPC and the TMCL/DMPC mix-

tures in different ratios obtained by IRRAS measurements. (right) The spectra 

present the corresponding CH2 bands showing a wavenumber shift at pres-

sures above the LE-LC transition. The measurements were performed at differ-

ent pressures along the π-A isotherm on PBS subphases at pH 7.0 and 15 °C 
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7.5.2 GIXD 

H2O subphase 

TMCL on H2O at 15 °C: πt = 15.0 mN/m 

  

TMCL/DMPC (50:50) on H2O at 15 °C: πt = 33.6 mN/m 

  

DMPC on H2O at 15 °C: πt = 59.6 mN/m 

  

Figure 67: (left) The diagrams show the dependency of 1/cos(t) versus the surface pres-

sure π of TMCL (top), 50:50 TMCL/DMPC (middle) and DMPC (bottom) on H2O 

at 15 °C. Extrapolation of 1/cos(t) to 1 yields the transition pressures (πt). (right) 

Plotting the lattice distortion versus the sinus square of the tilt shows a linear 
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dependence leading to zero distortion for non-tilted chains. The red lines corre-

spond to the linear fits. The axis scaling was chosen according to the require-

ments and is therefore not equal for the three measurements. 

 

Table 26: Structural parameters of TMCL on H2O at 15 °C. The measurements were con-

ducted at the beamline P08 (PETRA III, Hamburg) yielding: surface pressure 

(π), peak positions (Qxy and Qz), lattice of the unit cell (a and b), distortion (d), 

tilt (t), in-plane lattice area of one chain (Axy), cross-sectional area (A0) and cor-

relation length (Lxy
1 and Lxy

2). 

π, 

mN m
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

a/b, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

5 1.490 0 1.476 0.273 4.931 

4.885 

0.0126 12.1 20.8 20.3 350 113 

10 1.495 0 1.485 0.212 4.897 

4.864 

0.0090 9.4 20.6 20.3 350 118 

15 1.506 0 - - 4.818 0 0 - 20.1 411 - 
 

Table 27: Structural parameters of TMCL/DMPC 50:50 on H2O at 15 °C. The measure-

ments were conducted at the beamline P08 (PETRA III, Hamburg) yielding: sur-

face pressure (π), peak positions (Qxy and Qz), lattice of the unit cell (a and b), 

distortion (d), tilt (t), in-plane lattice area of one chain (Axy), cross-sectional area 

(A0) and correlation length (Lxy
1 and Lxy

2). 

π, 

mN m
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

a/b, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

5 1.478 0 1.431 0.450 5.127 

4.964 

0.0435 20.2 21.8 20.5 200 80 

15 1.482 0 1.453 0.357 5.027 

4.929 

0.0265 15.9 21.3 20.5 174 225 

25 1.498 0 1.472 0.221 4.940 

4.907 

0.0090 9.9 20.9 20.6 273 138 

35 1.505 0 - - 4.821 0 0 - 20.1 225 - 
 

Table 28: Structural parameters of DMPC on H2O at 15 °C. The measurements were 

conducted at the beamline P08 (PETRA III, Hamburg) yielding: surface pres-

sure (π), peak positions (Qxy and Qz), lattice of the unit cell (a and b), distortion 

(d), tilt (t), in-plane lattice area of one chain (Axy), cross-sectional area (A0) and 

correlation length (Lxy
1 and Lxy

2). 

π, 

mN m
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

a/b, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

32 1.467 0 1.370 0.606 5.430 

5.071 

0.0932 27.6 23.3 20.6 225 43 

38 1.470 0 1.390 0.564 5.326 

5.036 

0.0759 25.6 22.8 20.5 306 50 

45 1.475 0 1.431 0.467 5.124 

4.971 

0.0408 20.4 22.8 20.5 306 74 
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PBS subphase 

Note: TMCL on PBS at pH 7.0 and 15 °C was already analyzed in chapter 4.2. 

 

TMCL/DMPC (50:50) on PBS at 15 °C: πt = 44.2 mN/m 

  

Figure 68: (left) The diagram shows the results of 1/cos(t) versus the surface pressure of 

TMCL/DMPC on PBS at 15 °C. Extrapolation yields the transition pressure (πt = 

44.2 mN/m). (right) The plot of the lattice distortion versus the sinus square of 

the tilt shows a linear dependence leading to zero distortion for non-tilted 

chains. The red lines correspond to the linear fits. 

 

Table 29: Structural parameters of TMCL/DMPC 50:50 on a PBS subphase at pH 7.0 and 

15 °C. The measurements were conducted at the beamline P08 (PETRA III, 

Hamburg) yielding: surface pressure (π), peak positions (Qxy and Qz), lattice of 

the unit cell (a, b and c), distortion (d), tilt (t), in-plane lattice area of one chain 

(Axy), cross-sectional area (A0) and correlation length (Lxy
1 and Lxy

2 and Lxy
3). 

π, 

mN m
-1

 

Qxy
1
, 

Ǻ
-1 

Qz
1
, 

Å
-1

 

Qxy
2
, 

Å
-1

 

Qz
2
, 

Ǻ
-1

 

Qxy
3
, 

Å
-1

 

Qz
3
, 

Ǻ
-1

 

a/b/c, 

Å
2 

d t, 

° 

Axy, 

Å
2
 

A0, 

Å
2
 

Lxy
1
, 

Ǻ 

Lxy
2
, 

Ǻ 

Lxy
3
, 

Ǻ 

15 1.469 0.173 1.403 0.600 1.366 0.773 4.980 

5.115 

5.355 

0.0856 31.0 22.9 19.7 326 146 120 

22 1.473 0.125 1.425 0.433 1.388 0.558 4.943 

5.074 

5.245 

0.0690 23.0 22.4 20.6 306 142 105 

30 1.480 0.125 1.450 0.358 1.421 0.483 4.905 

5.005 

5.109 

0.0470 19.5 21.7 20.5 306 200 101 

40 1.487 0 1.461 0.330 - - 4.996 

4.909 

0.0237 14.7 21.1 20.4 326 111 - 
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