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VI  Abbreviations and symbols 

Abbreviations and symbols 

Acetyl CoA  –  acetyl coenzyme A 

ADP   –  adenosine diphosphate 

ATP   –  adenosine triphosphate 

CL’s   –  cardiolipins 

DMPC   –  1,2-dimyristoyl-sn-glycero-3-phosphocholine 

DPPH   –  2,2-diphenyl-1-picrylhydrazyl 

FADH2  –  flavin adenine dinucleotide 

ITIES   –  interface between two immiscible electrolyte solutions 

pKa   –  acidity constant 

MK-n   –  menaquinone with ‘n’ isoprenoid units 

MK’s  – menaquinones 

MK/MKH2 – menaquinone/menahydroquinone redox couple 

nCL   –  natural cardiolipin (heart, bovine) 

NADH  –  nicotinamide adenine dinucleotide 

NADPH  –  nicotinamide adenine dinucleotide phosphate 

Q/QH2  –  quinone/hydroquinone redox couple 

TMCL  –  1,1’,2,2’ tetramyristoyl cardiolipin 

UQ’s   –  ubiquinones 

'E    –  biochemical standard potential 

G∆    –  free energy change 

aq orgΔG →
   –  standard free energy of ion transfer from aqueous to organic phase 

H3O+   –  hydronium ion 

ion pairK   –  ion pair equilibrium constant 

S∆    –  entropy change  
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1 Introduction 
 

1.1 Outline 

The leading idea of this thesis is to study the effects of (i) membrane composition and (ii) 

membrane environment (aqueous phases) on the redox properties of membrane-confined 

redox active compounds. For solutions, it is known since long, how strong solvents affect the 

redox properties of dissolved redox active species. However, for membranes this question has 

not yet been addressed, although it can be supposed that such effects may be important to 

understand the role of membrane-confined redox active compounds in biological systems. To 

interrogate this problem, a monolayer model was chosen. It consists of a lipid monolayer with 

embedded menaquinones on mercury electrodes. Since ion transfer across membranes is also 

a crucial question, in the first part of this project, DPPH was studied as a new redox probe for 

transferring anions and cation between an organic and an aqueous phase.    

1.2 Physicochemical properties of biological membranes 

Biological membranes are dynamic structures, which separate two aqueous regions and 

sustain the structural integrity and organisation of life. The membranes compartmentalise 

living entities, confine living processes, and most importantly, control the exchange of matter 

and energy with the environment and/or other cellular and subcellular elements. The 

interpretation of the physical characteristics of membranes can be traced back to I. 

Langmuir’s experiments with oil films on water, and their interpretation  1, followed by the 

models of E. Gorter and F. Grendel  2, J. F. Danielli and H. Davson  3, and several others  4. A 

much more detailed model of the membrane structure has been published by S. J. Singer and 

G. L. Nicholson, who have viewed the membrane as a two-dimensional lipid fluid bilayer 

with embedded globular molecules  5. Later, a new view of the membrane structure was given 

by K. Simons and E. Ikonen  6. It was based on the dynamic clustering of sphingolipids and 

cholesterol to form detergent insoluble complex structures called rafts or domains. In 2014, 

special importance was given to the mosaic nature of membrane structures, notably to the 

interactions of membrane elements and a revised S. J. Singer and G. L. Nicholson model was 

provided by G. L. Nicolson  7. Technological advancements allowed to interpret the 

membranes and their component structures in a very detailed way  8- 10. Membranes are 

essentially built up by amphiphilic molecules, i.e., molecules possessing both hydrophilic and 

lipophilic units. The amphiphiles of membranes are the lipids. The self-organisation 
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phenomenon of amphiphilic molecules operates as follows: the hydrophobic tails of the lipids 

arrange in a layer with all tails attached to each other and exposing all polar groups to one 

side of the layer. Then, two such layers form a bilayer in which the hydrophobic sides face 

each other and expose the polar surfaces to either side of the bilayer (the membrane), i.e., 

towards the aqueous environment. The resulting membrane is a barrier for ions and 

molecules, and thus also for energy fluxes.  Though lipids are the main components and vital 

for the membrane functions, other constituents, like proteins and carbohydrates, play also 

most important roles for the flow of matter, energy, and information. Membrane components 

diverge greatly between the cell types and cell organelles. For instance, the weight ratio of 

lipid to protein in plasma membranes is close to 1 and for mitochondrial membranes  11 it is 

near to 2 or 3. Also, the permeability of ionic solutes varies between the membranes  12. These 

variations are vital for the membrane functions of certain types of cells and organelles. 

Because of the fluid nature, the lipid membranes can deform in several ways, generally with 

elastic stresses and strains to match the hydrophobic thickness of the transmembrane proteins 

and save the hydrophobic edge curvature forces. The membrane proteins are structurally 

adapted to the membranes by their hydrophobicity, van der Waals forces, hydrogen bonds, 

and electrostatic interactions  13- 15. Lipids generally possess diverse structural phases 

depending on the phase transition temperatures. In addition, the membrane components and 

the lipids are not distributed evenly, but may form domains  16- 19, which have distinguished 

properties and functions  20,  21. The polar head groups of the lipids and ions in the aqueous 

region are typically solvated by the water molecules. The structure and orientation of water 

molecules on the membrane surface are primarily determined by the net charge of the lipid 

head groups  22. This provides a unique environment for interfacial chemical reactions. Our 

life evolved from the aqueous environment, and Nature has chosen the hydrophobic effect for 

holding the hydrocarbon chains together without causing crystallisation (due to presence of 

unsaturated lipids and cholesterol). This drives the membranes to the supra-molecular 

organisation and it can squeeze and deform the membranes without any disruptions  23. Lipid 

head groups, water molecules, and ionic solutes determine the electrostatic environment of 

the membrane for interfacial reactions. Some of the membrane elements act as pores and 

channels of the membranes. The dynamic processes of life are taking place in a well-

structured network.  
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1.3 Water – an essential component of biological membranes 

Water is a natural solvent interacting with all living matter on the ‘Planet Earth’  24- 27. An 

adult human body consists of 68% water  28 and a loss of 15% would be fatal. Water acts as a 

life matrix and currently living organisms on earth cannot sustain, without this elementary 

molecule  29. Water serves largely as the source of protons and the proton transfer across the 

membranes is a fundamental process of respiration  30,  31 and important for the cellular 

energetics. The series of physical properties  32, like high melting point (0 °C at 1 atm), high 

boiling point (100 °C at 1 atm), large surface tension coefficient (73 mN m−1 at 20 °C), low 

dynamic viscosity coefficient (1.00cP at 20°C), high specific heat capacity (4.2 kJ kg−1 K−1 at 

20 °C), high specific latent heat of melting/freezing (2.3 MJ kg−1 at 1 atm), high specific 

latent heat of vaporisation/condensation (334 kJ kg−1 at 1 atm), and high dipole moment (1.85 

D) and dielectric constant (78.4 at 25 °C)  are best suited for the life on earth. Of course, one 

should formulated it the other way round: life has been best adapted to these properties of 

water. This ubiquitous solvent accounts for the hydrophobic effect, the one that causes the 

structural stabilisation of the membranes, source for protons in biochemical reactions, 

transport of solutes, hydration of cell components, and additional boundless functions  33. The 

presence of various ions alters the activity and ionic strength of the water. In mammalian 

cells, concentration of Na+, K+, Mg2+, Ca2+, and Cl− ions are up to 145, 155, 2, 2, and 120 

mM respectively  34. The functional groups (choline, serine, ethanolamine, phosphate) of the 

lipid heads in the membrane interact with hydrated ions. They change the surface charge 

density and the ions interaction can be characterised by ion binding or ion association 

constant  35. The association constants are required to understand the membrane-membrane 

interactions, signal transmission, and energisation of mitochondrial membranes  36. The 

perturbations of the water structure at the lipid-water interface extend to several hydration 

layers  37. Lipid head groups and different lipid phases modulate the lipid-water interactions. 

The water molecules bonded to the membrane determine the structural stability of the bilayer, 

membrane fusion, and mobility of membrane proteins and lipids  38. The water transport rate 

through the channels increases with decreasing number of hydrogen bonds in the walls of 

water channels  39. There is no doubt that the water is crucial for the thermodynamics and 

kinetics of biological processes in and at biological membranes.  

1.4 Thermodynamics of biological membranes 

The hydration of lipids affects the formation of polymorphic phases. Lamellar (gel, liquid 

crystalline), micellar aggregates (spherical, cylindrical, disk, inverted, liposome), and non-



4  Introduction 

lamellar liquid crystalline (hexagonal, inverted hexagonal, inverted micellar cubic, bilayer 

cubic) aggregates are the common lipid polymorphic phases  40,  41. The formed phases depend 

also on the type of lipids and the degree of unsaturation in tails, temperature, pH, and ionic 

strength of the aqueous electrolyte. The degree of unsaturation of the lipid tails affects the 

phase transition temperature. An unsaturated carbon bond produces a kink in the tail, disrupt 

the periodic structure and creates a free space. Lipids that fit into cylindrical, conical, and 

truncated conical shapes are best for planer bilayers, spherical micelles, and vesicles or 

inverted micelles structures respectively that maintain the stability of corresponding 

membrane organisation  42. The optimal area per head for the stability of a micelle is 60 to 70 

Å2  43. The origin of antipathy between hydrocarbon and water roots in the strong self-

attraction of water  44, the dynamic hydrogen bond network. The hydrophobic tails of the lipid 

move away from water and form the different structures  (micelle, vesicles, bicelles) via self-

assembly process, a mostly entropy driven process. The free energy of solvation of an 

amphiphile in water can be assessed from the free energy contributions by the hydrophilic 

head and hydrophobic tail separately  45. The free energy of formation of micelles (and 

vesicles) from the amphiphiles involve the following contributions  46: the free energy change 

caused by the attraction among the hydrophobic tails, that caused by the repulsion of the 

polar head groups, and that caused by the hydrophobic effect, which is mainly an entropic 

effect. The overall process leads to non-rigid deformable structures that are essential for 

membranes to function. The bilayers of vesicles and membranes contain thick hydrophobic 

inside, which is a barrier for the transport of hydrophilic metabolites and ions. So, the 

presence of additional structural components in the membrane, e.g., proteins, which provide 

control of ion transport in response to ion gradients  47. The transmembrane proteins are 

folded into the membranes via hydrophobic interactions with the lipids   48. The internal lateral 

pressure of the membranes is 30 – 35 mN m−1 and the hydrophobic free energy density at the 

polar|apolar interface is 36 − 40 mN m−1  49. This evidently shows that the internal lateral 

pressure of the membranes is balanced by the hydrophobic effect that opposes the membrane 

extension. The hydrophobic effect stabilises the bilayer organisation for the energetic 

processes by holding together the lipids and other membrane elements (enzymes, ion 

transporters, redox species). 

1.5 Energetics of biochemical reaction 

The driving force of a redox reaction is measured in standard reduction potentials or Gibbs 

free energies. The redox tower of some biological reactions is shown in Fig. 1. The energy 
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for the cells and the cell organelles comes mainly from the mitochondrial respiratory chain. 

 

Fig. 1 The Redox tower shows the biochemical standard potential ( 'E ) for some 
biological reactions  50 

The respiratory electron chain consists of five different complexes in the inner mitochondrial 

membrane. Each complexes is built up of enzymes, peptides, and other molecules. Since 

many molecules are relatively stable, the reactions will not proceed immediately because 

there are small energy barriers, called activation energies. This energetic barriers need to be 

overcome by the reactants for conversion into the products. Enzymes are catalysts, which 

lower the activation energies. From thermodynamic point of view, a chemical reaction can 

proceed spontaneously only if it is accompanied by a decrease in free energy. The oxidation 

of food releases the energy and temporarily stores it in activated carrier molecules (eg., 

adenosine triphosphate (ATP))  51. Later, the carrier molecules give up their energy through 

hydrolysis which produces adenosine diphosphate (ADP). Nicotinamide adenine dinucleotide 

(NADH), nicotinamide adenine dinucleotide phosphate (NADPH), flavin adenine 

dinucleotide (FADH2), and acetyl coenzyme A (acetyl CoA) are other activated carrier 

molecules involved in the metabolism. NADH possesses a very negative biochemical redox 

potential ( ' 0.320VE = − , higher energy level) has strong tendency to donate electrons to 

oxygen ( ' 0.820VE = + , high electron affinity) through the complex respiratory chain. The 

respiratory chain is energetically favourable with a free energy change of 
1109kJ molG −∆ = −  ( ' 1.140VE = + )  52. The electrons and protons are shuttled between the 
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enzyme complexes by carriers like ubiquinone and cytochrome c. The proton translocation 

and electron shuttling in the respiratory chain induce the mitochondrial membrane potential. 

1.6 Membrane potential 

The membrane potential describes the difference in electric potentials across the membrane, 

i.e., inside and outside of a cell organelle (like mitochondria). It arises from the difference in 

surface charges due to the asymmetric distribution of zwitter ionic lipids, presence of charged 

lipids, and proton diffusion and ionic solutes from the aqueous environment  53. The 

membrane potential regulates the channel conductance, binding of drugs, structure of the 

membrane proteins, and interfacial reactions  54. There are adsorbed hydrated ions and the 

diffused ion distribution over the membrane surface. This interfacial region is called Gouy-

Chapman-Stern double layer  55. The stern layer is also influenced by hydrophobic 

interactions  56. Beyond the diffuse ion region, there is an isotropic bulk phase. Each 

membrane organelles possess diverse lipids and ion distribution at the interface, which results 

in distinct membrane potentials. For example, the rest membrane potentials of some 

organelles are: −150 to −180 mV for mitochondria, +20 to +30 mV for Golgi apparatus and 

lysosomes, and around 0 mV for endoplasmic reticulum and nucleus  57. The proton pumps in 

the inner mitochondrial membrane also contribute to the mitochondrial membrane potential  
58. Studying the membrane potential and other interfacial biochemical reactions are 

challenging in case of real membranes. This is due to the presence of various membrane 

elements and their composition. Therefore, the model biomimetic membranes are helpful to 

understand the thermodynamics and kinetics of membranes.   

1.7 Biomimetic membranes 

The specific functions of proteins and lipids and their interactions can be interrogated by 

using biomimetic membranes. Model membranes act as simple platforms. They can be 

tailored to mimic real membranes and in order to perform experiments which yield important 

information  59,  60. Langmuir monolayers, supported monolayers, bilayers, and tethered layers, 

micelles, bicelles, liposomes, lipid rafts, and nanodiscs are common membrane model 

systems. Software simulations can also be applied to study the complex functionality of the 

biological membranes  61,  62. Each membrane models has its own advantages and 

disadvantages that limit the understanding of complete membrane systems. Therefore, using 

the diverse membrane models combined with various experimental and instrumental 

techniques, offer an extensive way for better and deeper insights into biological membranes. 
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Lipid phases, redox elements, dielectrics, ion transport, membrane heterogeneity, and 

membrane composition properties are accessible using membrane models  63- 71. Lipid 

monolayers on mercury and solid supported lipid monolayers and bilayers are simple 

membrane models for the detailed studies of the thermodynamics and kinetics of biological 

membranes. These two systems are commonly employed for extensive electrochemical 

studies as models of biological membranes. To characterise these two membrane models, a 

plethora of electrochemical techniques, such as voltammetry, coulometry, potentiometry, and 

impedance spectroscopy, has been used. These techniques are operated to obtain 

thermodynamic and kinetic information of the reactants, intermediates, and products. 

Together with spectroscopic techniques, the above electrochemical methods can be tuned to 

monitor in situ intermediate reactions and the orientation and conformation of membrane 

constituents. Several biochemical reactions take place at the membrane water interface. For 

example, the protein folding in the lipid matrix creates microenvironments at the interface for 

many specific biochemical reactions. To study this kind of interfacial reactions, monolayer 

membrane models are more simple and convenient than bilayers. The monolayer models can 

provide very useful information regarding the protein interaction  72. The interfacial reactions 

depend on the membrane composition and the environment. Therefore, one should not ignore 

the effect of membrane composition and the surrounding environment to understand the 

function of membranes. 

1.8 Membrane composition affects the thermodynamics and kinetics 

Each cellular organelles possess their own unique membrane composition. The membrane 

composition modulates the protein functions and redox potential of electron transfer carriers. 

Any change in composition disturbs the membrane elements environment and the associated 

functions will change. For instance, the lipid type and the environment determine the redox 

potential of the cytochrome P450 reductase   73. Also, the protein binding is sensitive to the 

specific membrane domains  74. Domains in the membranes act as an ON and OFF switch for 

the interfacial reactions. Several enzyme-substrates, proteins, and membrane element 

interactions are specific for the domains rather than occurring in the cell matrix at low 

concentrations  75. The electron transfer rate in the redox processes is affected by the 

membrane composition and membrane environment  76,  77. The presence of cholesterol has an 

effect on membrane transport processes, including ion channels, transporters, and receptors  
78. 
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1.9 Membrane transport processes 

The liquid-liquid (water|amphiphilic fluid) interface plays a fundamental role in enzymatic 

reactions and various cell signaling pathways. Membrane transport processes occur by active 

or passive mechanisms. The fluid lipid membranes are impermeable to the ions due to the 

presence of the internal hydrophobic layer. The presence of carriers and ion channels 

provides pathways (energetically and mechanistically) to transfer organic and inorganic ions 

and protons. Mitochondrial ATP energetics involves the transport of protons as an 

intermediate  79,  80. The proton transport is taking place either by diffusion of hydronium 

(H3O+) ions or via the Grotthuss mechanism (proton hopping between the hydrogen-bonded 

water molecules). The Grotthuss ‘structure diffusion’ along the surface of membranes, has 

been shown to operate over distances in the range of 10 nm to 100 µm using physiological 

and diluted buffers respectively  81. The ion transport mechanisms via carriers, channels, and 

pumps can be accessed by lipid membrane models  82,  83. The interface between two 

immiscible electrolyte solutions (ITIES) can be used in electrochemistry to access the Gibbs 

free energy of ion transfer between the two phases  84,  85. A simple experimental approach to 

determine the standard Gibbs free energy of ion transfer is to use the three-phase 

electrochemistry setup. The four-electrode method needing a bipotentiostat is a less 

convenient alternative. The Gibbs free energy of ion transfer of common organic and 

inorganic cations and anions, peptides, drugs, amino acids, and neurotransmitters (dopamine, 

adrealone, acetylcholine, tryptamine, and serotonin) have been previously determined  86- 91. 

Anion exchange membrane modified liquid-liquid interfaces provide a platform to study 

hydrophilic anions  92. In publication No. 1 (Dharmaraj K, Nasri Z, Kahlert H, Scholz F 

(2018) The electrochemistry of DPPH in three-phase electrode systems for ion transfer and 

ion association studies. J Electroanal Chem 823:765-772. 

https://doi.org/10.1016/j.jelechem.2018.06.012) a membrane model for the transfer of anions 

and cations from aqueous to organic phase (nitrobenzene) using the redox probe 2,2-

diphenyl-1-picrylhydrazyl (DPPH) has been studied. The standard free energies of ion 

transfer ( aq orgΔG →
 ) of anions like nitrate, perchlorate, trichloroacetate, and 

hexafluorophosphate and cation like tetrabutylammonium have been determined. The DPPH 

suffers from strong ion pairing with anions and weakly ion pairing with tetrabutylammonium 

cation.     

https://doi.org/10.1016/j.jelechem.2018.06.012
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1.10 Membrane lipids 

The major membrane lipids in mammalian cells are phospholipids (phosphatidylcholine, 

phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine, and sphingomyelin) and 

glycolipids. The presence of various lipids is signifying various functions 93: (i) anionic 

phospholipids interact with sequences of mitochondrial precursor proteins; (ii) zwitterionic 

lipids like phosphatidylethanolamine, phosphatidylcholines are for solute transport and 

membrane protein assembly. Cardiolipins (CL’s), the signature lipid of mitochondria, play a 

role in various mitochondrial processes such as protein transport, cellular signalling, and 

membrane dynamics  94- 97. Under physiological conditions, CL’s prefer to be negatively 

charged (second acidity constant pKa2 > 8.0), which conditions CL’s to act as proton traps  98 

and tightly bond to the ADP/ATP carrier   99. The lipid composition of membranes is specific 

for specific cells and organelles. The primary reason for composition changes are diseases 

and aging, causing gene modifications.  The cationic lipids are generally used for drug 

delivery systems. The endoplasmic reticulum is the major lipid-synthesising organelle in a 

cell. Mitochondria are also capable of synthesising phospholipids, mainly cardiolipins, 

phosphatidylglycerols, and phosphatidylethanolamines  100. These lipids are essential for the 

electron transport together with isoprenoid quinones and other enzyme complexes for the 

respiratory chain. 

1.11 Isoprenoid quinones 

Quinones are the class of natural and synthetic compounds, mainly known as constituents of 

dyes. Quinones are electrophilic Michael acceptors stabilised by conjugation. The common 

structural patterns of the quinones are ortho or para-substituted dione conjugated to the 

aromatic ring (benzoquinone) or a condensed polycyclic aromatic system (naphthoquinone, 

anthraquinone, anthracyclinone)   101. Quinones are essential for biological and chemical 

processes, and common quinones are well-studied compounds. In biological systems, 

quinones play the major role in blood coagulation (vitamin K), as antioxidants (vitamin E, 

Coenzyme Q), anti-inflammatory (vitamin E), antibiotics (phaeosphenone), antimicrobials 

(anthraquinones), and as anti-cancer drugs (thymoquinone)  101. Ubiquinones (UQ’s), i.e.,  

isoprenoid quinones, act as cofactors in the respiratory chain by being present in the 

membranes. Isoprenoid quinones are compounds composed of quinone head groups and 

hydrophobic isoprenoid side chains. The latter give the molecule a lipid solubility. Most of 

the naturally occurring isoprenoid quinones are naphthoquinones (Vitamin K, 

thermoplasmaquinone, methionaquinone, chlorobiumquinone) and benzoquinones 
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(ubiquinones, plastoquinones). The ability of the isoprenoid quinones to undergo reversible 

reduction-oxidation (redox) reaction makes them a special candidate for the hydrogen 

(proton) shuttling between different protein complexes in biological membranes. Due to their 

very hydrophobic character, natural UQ’s dissolved in lipid bilayers, and bound to proteins in 

the living cell. Studies have shown that 11 to 33 % of the UQ’s in mammalian species is bond 

to proteins  102. Previously it has been assumed that the UQ structure is linear. However, 

theoretical studies have indicated that the ubiquinone molecules are mostly located in the 

hydrophobic bilayer midplane, with the polar head group oscillating across the membrane  103 

and catalysing many reactions besides inhibiting lipid peroxidation  104,  105. The lowering of 

UQ levels is related to aging, degenerative diseases, cardiovascular diseases, diabetes, cancer, 

etc.  106- 108. Although much of the biological details of UQ’s are known, yet there is a serious 

lack of understanding of the role of membrane environment with respect to thermodynamics 

and kinetics. Thus it is unclear how the nature of lipids affects protein interactions, ion 

transport, catalysis, and so on. The same applies to another group of isoprenoid quinones, 

called menaquinone compounds or vitamin K2 family. Generally, vitamin K is known for 

anticoagulant properties and it plays a prominent role in human health  109,  110. Vitamin K is 

distributed as phylloquinone (vitamin K1, 2-methyl-1,4-naphthoquinone with a 3-phytyl 

substituent) and menaquinone (MK - n) with ‘n’ isoprenoid residues. Vitamin K2 has a longer 

half-life than K1 and its dependent proteins are present in both hard and soft tissues  111,  112. 

Phylloquinones are major vitamin K dietary sources and they can be converted to MK-4  113. 

The main function of vitamin K is proton coupled electron transfer (Quinone/Hydroquinone 

(Q/QH2)) with the help of other enzymes. Menaquinones (MK’s) accounts for 75 - 97 mol % 

in which MK-7 to -10 are in larger proportion in hepatic vitamin K  114. Vitamin K dependent 

proteins are mainly involved in blood coagulation, bone mineralisation, vascular repair, 

prevention of vascular calcification, inhibiting bone weakening, regulation of cell 

proliferation, and signal transduction  115- 120. The concentrations of MK-4 and MK-7 in serum 

samples are 0.050 - 1.598 and 0.074 - 0.759 ng mL−1, respectively  121. All these 

concentrations of menaquinones vary between adults and children depending on the type of 

food intake. The human intestinal tract can absorb the menaquinones in the form of oral drugs 

and from the fermented food products  122,  123. MK’s are used as a medication for osteoporosis 

as it protects the osteoblasts from apoptosis and inhibits osteoclast formation  124,  125, 

inhibiting the growth of cancer cells  126, and has a more beneficial effect on type 2 diabetes 

mellitus than K1  
127. A recent study has shown that in mammalian cells, vitamin K2 cannot 
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substitute UQ-10 function in the respiratory chain complex  128. Several biological benefits of 

menaquinones are known, but the thermodynamics and kinetics of the MK’s are poorly 

studied. Earlier studies with thin layer voltammetry on carbon electrodes have been 

performed to analyse the redox properties of vitamin K in absence of lipids  129,  130. A recent 

study has shown that the lateral chains of MK-4 and vitamin K1 are oriented almost in 

parallel to the myristoyl chains of the 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) 

lipid  131. The electrochemical properties of many vitamins are insufficiently known  132, as 

well as their thermodynamics and kinetics in membranes. Therefore, it is essential to study 

the electrochemical properties of MK’s in membrane environments. The electrochemical 

characterisation of MK’s in membrane models has been studied with respect to acid-base and 

redox properties in publication No. 2 (Dharmaraj K, Silva JIR, Kahlert H, Lendeckel U, 

Scholz F (2020) The acid–base and redox properties of menaquinone MK-4, MK-7, and MK-

9 (vitamin K2) in DMPC monolayers on mercury. Eur Biophys J 49:279–288. 

https://doi.org/10.1007/s00249-020-01433-0) and the effect of membrane composition and 

the aqueous environment on MK’s in publication No. 3 (Dharmaraj K, Dattler D, Kahlert H, 

Lendeckel U, Nagel F, Delcea M, Scholz F (2020) The effects of the chemical environment 

of menaquinones in lipid monolayers on mercury electrodes on the thermodynamics and 

kinetics of their electrochemistry. Submitted to European Biophysics Journal. Submitted for 

publication on November 4, 2020. Submission ID: EBJO-D-20-00209). 

 

https://doi.org/10.1007/s00249-020-01433-0
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2 Summary 
 

The main objective of this project was the electrochemical characterisation of MK’s in 

membrane models. This is crucial to understand the thermodynamic and kinetic behaviour of 

the MK’s in the membranes. The important findings of this thesis are:  

(i) accessing the ion pair equilibrium constant of anions and cations with DPPH 

redox probe as a model study using the three-phase electrochemistry,  

(ii) the redox potentials of menaquinone-4, -7, and -9 in DMPC monolayers and the 

acidity constants of MK’s in membranes monolayer model, and  

(iii) the effects of membrane composition and the aqueous environment on the 

thermodynamics and kinetics of MK’s in membrane models. 

The electrochemical study of ion transfer between two immiscible (organic|aqueous) phases 

(three-phase electrochemistry) has provided the standard free energies of ion transfer. 

Further, the ion pair equilibrium constants of the studied ions with DPPH have been 

determined, see publication No. 1 (Dharmaraj K, Nasri Z, Kahlert H, Scholz F (2018) The 

electrochemistry of DPPH in three-phase electrode systems for ion transfer and ion 

association studies. J Electroanal Chem 823:765-772. 

https://doi.org/10.1016/j.jelechem.2018.06.012). There are several redox compounds 

(decamethylferrocene, iodine, tetraphenylporphyrin, UQ-10) available, which can be used to 

transfer either anions or cations, and only very few allow to study both anion and cation 

transfer. DPPH is one of them because it can be reduced to DPPH− and oxidised to DPPH+. 

Since DPPH can transfer both anions and cations, the tetrabutylammonium perchlorate is 

used to transfer perchlorate anion and tetrabutylammonium cation. The standard free energies 

of anions like nitrate, perchlorate, trichloroacetate, and hexafluorophosphate and the cation 

tetrabutylammonium have been measured. The measured standard free energies of ion 

transfer of anions and cation have been found to deviate from previously reported data. This 

discrepancy is caused by ion pairing. The DPPH suffers strong ion pair formation with the 

anions and weak ion pairing with tetrabutylammonium cation. The ion pairing equilibrium 

constants ( ion pairlog K ) for each anion at different concentrations are identical and 

characteristic for each anion. Cations like tetramethylammonium and tetraethylammonium 

are not enough hydrophilic to support the ion transfer with DPPH. The DPPH-

tetrabutylammonium tetrafluoroborate-graphite-paraffin composite electrode exhibits a stable 

https://doi.org/10.1016/j.jelechem.2018.06.012
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electrochemical system DPPH/DPPH− by using the tetrabutylammonium cation as charge 

compensation from the aqueous electrolyte. Since this model study provides valuable 

thermodynamic information of ion transfer across the aqueous|organic interface, this system 

can be tuned for other experiments to determine ion transfer energies and ion pairing 

energies. 

After the model ion transfer study to access the aq orgΔG →
  and ion pairlog K , we were interested 

in the electrochemical characterisation of quinoide compounds particularly the MK’s in 

membrane monolayer models. The acid-base and redox properties of menaquinone-4, -7, and 

-9 in DMPC lipid monolayers on mercury have been studied and described in publication 

No. 2 (Dharmaraj K, Silva JIR, Kahlert H, Lendeckel U, Scholz F (2020) The acid–base and 

redox properties of menaquinone MK-4, MK-7, and MK-9 (vitamin K2) in DMPC 

monolayers on mercury. Eur Biophys J 49:279–288. https://doi.org/10.1007/s00249-020-

01433-0). The DMPC monolayers spiked with MK’s have been prepared by adhesion-

spreading of DMPC liposomes containing MK’s.  Using buffers from pH 4.0 to 14.0, the 

redox potentials have been calculated. The MK’s exhibit electrochemically reversible 

systems and thin film behaviour. The formal potentials have been determined for MK-4, -7, 

and -9 and it has been found that MK-7 and -9 exhibit identical potentials. Only the formal 

potential of MK-4 is slightly more positive than that of the other MK’s. The acidity constants 

are identical for the three MK’s, and all higher than 12.0. Therefore under physiological 

conditions i.e., pH 7.4, the MK’s are present in the completely protonated form (MK/MKH2). 

The reason for the identical and larger acidity constants can be explained as follows: 

generally, these diprotic acids (QH2) have two acidity constants. When dissolved in solution, 

they have two well separated apK ’s, but in the case of surface immobilised system (as also in 

monolayers), they have identical apK ’s, which are also higher than those of the dissolved 

species. This is because these immobilised molecules do not behave like individual 

molecules, but rather act as a separate phase together with the lipids. The protolysis of the 

dissolved acids is mainly driven by the entropy by structuring the water molecules around the 

ions. Therefore, the entropy of the dissolved species is larger than that of the surface 

immobilised molecules ( dissolved surface confinedS S∆ > ∆ ). The decrease in entropy of the surface 

immobilised molecules (monolayer) causes the higher stability of the protonated form, which 

ultimately results in larger acidity constants. The number of electrons transferred between 

oxidised and reduced forms of MK-4 at pH 7.4 is found to be 2. These measurements were 

https://doi.org/10.1007/s00249-020-01433-0
https://doi.org/10.1007/s00249-020-01433-0
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performed by chronocoulometry. The overall electrode process involves two protons and two 

electrons (2e− / 2H+). From this study, we can understand that these MK molecules are highly 

efficient to transfer two electrons and two protons for redox reaction in the DMPC lipid 

environment. 

With this primary understanding of the electrochemical behaviour of MK’s, we have further 

extended the study to see the effects of membrane composition and of the aqueous  

environment of the MK’s (cf. publication No. 3 (Dharmaraj K, Dattler D, Kahlert H, 

Lendeckel U, Nagel F, Delcea M, Scholz F (2020) The effects of the chemical environment 

of menaquinones in lipid monolayers on mercury electrodes on the thermodynamics and 

kinetics of their electrochemistry. Submitted to European Biophysics Journal. Submitted for 

publication on November 4, 2020. Submission ID: EBJO-D-20-00209)). The effects of 

cholesterol, water activity, and cardiolipins on MK’s have been elucidated. The DMPC-

cholesterol system shows five different phases, i.e., gel, liquid disordered, liquid ordered, gel-

liquid ordered, and liquid ordered-liquid disordered phases. The thermodynamics and kinetics 

of MK-7 has been interrogated in all these phases and it could be shown that the 

thermodynamics are not affected by the presence of cholesterol, however, the kinetics are 

affected. At low cholesterol content, the separation between anodic and cathodic peaks in 

cyclic voltammetry is small and increases only at high cholesterol content. The electron 

transfer rates of MK-7 depend on the nature of DPMC phases and pH of the aqueous 

electrolyte. Therefore, it could be concluded that the presence of cholesterol affects the 

kinetics of menaquinones in the used membrane model. The formal potentials increase with 

decreasing water activity (i.e., increasing the ionic strength), although only slightly (1-29 

mV). The water activity does not affect the kinetics of MK-7. The impact of synthetic 

cardiolipin 1,1’,2,2’-tetramyristoyl cardiolipins (TMCL) and natural heart cardiolipin (bovine 

heart) (nCL) on the electrochemistry of MK-7 has also been studied. The addition of MK-4 to 

the TMCL does not change the phase transition temperature of TMCL. nCL does not exhibit 

any phase transition in the temperature range 7 °C to 90 °C. Hence, the MK-4 addition does 

not affect the phases of the cardiolipins. The formal potential of MK-4 in nCL monolayers 

has been found to be larger than in TMCL monolayers. Thus the nature of the lipids clearly 

affects the formal potentials of MK-4. The apparent electron transfer rate constants of MK-4 

depend on the type of cardiolipins, TMCL phases, temperature, amount of MK-4 in the 

membrane, and pH of the aqueous phase. The thermodynamic parameters such as change in 

free energy, entropy, and enthalpy and activation energy have been also determined for MK-



Summary  15 

4. These data also depend on the nature of the membranes. In this regard, it is clear that the 

membrane composition and the aqueous environment have serious effects on the MK redox 

system. Thus, the effects of membrane composition and aqueous environment always have to 

be taken into account when the biological function of membranes are discussed. 

The results from this project demonstrate the possibility to determine ion transfer and ion 

pairing free energies with DPPH, which expands the electrochemical tools for studying ion 

partition equilibria.   

Further, the thermodynamics and kinetics of menaquinones have been accessed in a 

monolayer membrane model. The results clearly point to the effects of (i) other membrane 

constituents and (ii) the aqueous inner-cellular (or inner-organelle) phases on the 

thermodynamics and kinetics of membrane-bond redox active compounds. Although the 

effects on thermodynamics are obviously small, they may considerably affect the redox 

equilibria involved in the respiration chain, especially because the redox potentials of the 

involved systems are rather close to each other. The results of this project show that the 

kinetics of the redox reactions strongly depend on the composition of membrane and aqueous 

phase. This may be explained by the faint effects on thermodynamics resulting from its 

function as driving force, but it may have also other reasons, which need to be studied in 

future.     
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