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Abstract 

Electrochemical Impedance Spectroscopy (EIS) was used to develop a 

novel methodology for studying ionic interaction with lipids arranged 

in a lipid cubic phase (LCP). Studying different types of ions, both 

cations and anions, validated the method. A free-standing LCP 

membrane was formed between two cell compartments and 

impedance experiments were carried out in a 2-electrode setup to 

estimate dielectric properties of the membrane, exposed to the 

following electrolyte solutions at different concentrations: KCl, CsBr, 

CaCl2, MgCl2, CsCl, NaCl, NaOAc and NaTryptophan. Two different 

LCP were used in this setup, i.e: Monoloein/water and the ternary 

system of monoolein/dioleoylphosphatidylcholine/water 

(MO/DOPC/H2O). SAXRD measurements were performed to 

determine the space group of the cubic phase and confirm the stability 

of the LCP during measurements. 

Membrane resistances and capacitances were found from equivalent 

circuit fitting to the impedance data. The membrane resistance was 

shown to be related to ionic interaction with the lipid head group in 

the water channels of the LCP. Membrane capacitance were 

correlating to condensing and swelling effect of LCP due to the 

exposure of ions. The results correlated well with the SAXRD results 

and earlier published data. 

The results also indicate that these membranes become less permeable 

to ions as they increase in size as well as in charge or polarity.  

Cyclic voltammetry was used to study the applications of a LCP for 

modification of the bioanode in a biofuel cell. The monoolein cubic 

phase was used to host Glucose oxidase (GOx) and a freely diffusing 

ferrocene carboxylate was used as mediator. The supported cubic 

phase had an intrinsic resistance in the same order of magnitude as the 

freestanding MO-LCP membrane as measured with EIS. 
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Enkel sammanfattning på svenska 
 

Elektrokemisk impedans spektroskopi har använts för att utveckla en 

ny metod för att studera joners växelverkan med lipider som bildat en 

kubisk fas. Olika typer av joner, både positiva och negativa, användes 

för att validera metoden. Ett fristående membran uppbyggt av en 

kubisk fas separerade två avdelningar i en elektrokemisk cell. Cellen 

fylldes med elektrolyt-lösningar och impedansmätningar kunde 

utföras mellan två platina elektroder placerade i vardera avdelning. 

Membranet exponerades för följande elektrolytlösningar av olika 

koncentration: KCl, CsBr, CaCl2, MgCl2, CsCl, NaCl, NaOAc and 

NaTryptofan.   

Två olika kubiska faser användes i denna uppställning, dvs:  

Monoloein/vatten och det ternära systemet 

monoolein/dioleoylfosfatidylkolin/vatten(MO/DOPC/H2O). Med 

hjälp av SAXRD kunde den kubiska fasens kristallstruktur bestämmas 

och dess stabilitet under mätningarna bekräftas. 

De dielektriska egenskaperna hos membranet bestämdes genom att 

anpassa impedansspektrat till en ekvivalent krets bestående av 

resistanser, kapacitanser och konstant-faselement. 

Membranresistansen visade sig vara relaterad till jonernas 

växelverkan med lipidhuvudgruppen i vattenkanalerna i kubiska fasen. 

Ju starkare växelverkan desto högre var resistansen. 

Membrankapacitansen kunde korreleras med kondenserande och 

uppsvällande effekter på kubiska fasen förorsakade av exponeringen 

till joner. Resultaten bekräftades av SAXRD mätningar och även 

tidigare publicerade data. 

  

Resultaten indikerar också tydligt att permeabiliteten hos membranet 

minskar med ökad jonstorlek, jonladdningoch polaritet hos jonen.  
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Cyklisk voltammetri användes för att studera en tillämpning av 

kubiska fasen i en tänkt applikation som bioanod i en biobränslecell. 

Elektroden modifierades med en  kubisk fas innehållande GOx och 

tillsammans med en fritt diffunderande ferrocen karboxylat  som 

mediator, där oxidation av glukos studeras. Det visade sig att den 

kubiska fasen hade en resistans av samma storleksordning som det 

fristående membranet uppmätt med impedansspektroskopi. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 

 

 

List of Publications 

M.Y. Khani Meynaq, K. Shimizu, M. Shohmohammadi, S. 

Tesfalidet, and B. Lindholm-Sethson, Investigation of metal ion 

interaction with a lipid cubic phase using electrochemical impedance 

spectroscopy. J Colloid Interface Sci, 2016. 482: p. 212-220. 

M.Y. Khani Meynaq, S. Tesfalidet, and B. Lindholm-Sethson, 

Cationic Interaction with Phosphatidylcholine in a lipid cubic phase 

studied with electrochemical impedance spectroscopy and Small 

Angle X-ray Scattering (Submitted manuscript)  

M. Shohmohammadi, K. Shimizu, M.Y. Khani Meynaq, and B. 

Lindholm-Sethson, Aspects on mediated glucose oxidation at a 

supported cubic phase. (Manuscript) 

M.Y. Khani Meynaq, S. Tesfalidet, and B. Lindholm-Sethson, 

Interactions of anions with lipid cubic phase membranes, an 

electrochemical impedance study. (Manuscript) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 

List of Abbreviations 

 

MO  Monoolein 

 LCP  LCP  

  NMR  Nuclear Magnetic Resonance  

SAXRD   Small-angle X-ray diffraction  

DOPC  1,2-Dioleoyl-sn-glycero-3-phosphocholine  

EIS  Electrochemical Impedance Spectroscopy  

CPE  Constant Phase Element 

FT-IR  Fourier Transform Infrared Spectroscopy 

GOx  Glucose Oxidase 

 Lα  Lamellar  

  H I  Hexagonal (Normal) 

HII  Hexagonal (Reverse) 

MD Molecular Dynamics 

sBLM Supported Bilayer Lipid Membrane 

BLM Black Lipid Membrane 





 

1 

 

1. Introduction 

1.2. Membrane  

The cell membrane is a biological membrane that surrounds all living 

cells. Its function is not only to separate the interior of the cell from its 

surroundings but also to act selective permeable barrier that regulates 

exchange of materials and controls the movement of ions and organic 

molecules. Phospholipid bilayers and embedded proteins form the 

composition of a cell membrane which make cell structure and shape, 

move materials through the membrane [1]. These membrane proteins 

are involved in a variety of processes such as selective transportation 

of molecules across the membrane, electron transport and some act as 

receptors that allow the cell to respond to external signals [1-3]. In 

addition to proteins, membranes are made of lipid bilayer, a 30 Å 

hydrophobic film. The three major types of amphipathic lipids found 

in the cell membrane are phospholipids, glycolipids, and sterols. Lipid 

molecules compose around 50% of the mass of most animal cell 

membranes. The lipids in the biological membrane are ordered in two 

layers, called a lipid bilayer. The lipid bilayer with a 1 μm × 1 μm area 

is made of approximately 5 × 106 lipid molecules. Each lipid molecule 

has a head and two tails and they are amphipathic molecules 

that make up a double layer, because heads are hydrophilic and 

attracted to the water towards the surface of cell. The hydrophobic 

tails, usually fatty acids, are water repelling and they are between the 

heads [4-6] (shown in Fig. 1).  
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Figure 1. Single Lipid Structure and lipid bilayer, which is made of a double layer 

of well-ordered lipids with the heads facing in and out. 

 

The most widely known human sterol is cholesterol; a lipid with a 

structure constructed from hydrocarbon tail is linked to the steroid at 

one end. Glycolipids are comprised of a hydrophobic lipid tail and one 

or more hydrophilic sugar groups linked by a glycosidic bond. The 

major class of lipid molecule forming cell membrane in almost all 

membranes is glycerol-based phospholipid. The phospholipid has a 

polar head group that contains a phosphate, and an alcohol attached to 

the phosphate. It also contains two nonpolar fatty acid tails. The tails 

are usually fatty acids with different lengths (normally made of 

between 14 and 24 carbon atoms). One of the fatty acid tails usually 

has one or more cis-double bonds, while the other tail does not [5, 7]. 

A primary function of lipids in the cell membrane is to form a 

permeable barrier of cells in the shape of a lipid bilayer. 

Phospholipids are able to organize in bilayer (two layer spheres and 

films) arrangements, which provide membranes stability and. They 

can also form micelles (single layer spheres) in aqueous solution as a 

results of the hydrophobic and hydrophilic nature of these molecules 

(shown in Fig. 2).  
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A membrane encloses every cell which gives structure to the cell and 

separate the cytoplasm, the material within cell from the external 

aqueous environment. The hydrocarbon chain of the fatty acid is 

highly non-polar which makes the boundary hydrophobic. Therefore 

this arrangement of the phospholipids makes the cell membrane 

permeable to lipid-soluble materials but not to ionic or polar solutes 

unless they are very small [8]. Therefore, given enough time, any 

molecule diffuses through the phospholipid bilayer but lipid bilayers 

are highly impermeable to ions with any size, and large polar 

molecules. Small nonpolar molecules and mall uncharged polar 

molecules can readily dissolve in lipid bilayers and therefore diffuse 

rapidly across them. 

 

Figure 2. Aspects of liposomes, micelles and lipid bilayer organization of lipids in 

water (Adapted from Bitounis et al [9]) 

 

1.2.1. Interactions of ions with membranes 

Biological membranes face the surrounding aqueous medium 

containing ions and molecules with quite different concentrations 

inside and outside of the cell. Chemical and electrostatic 

interaction between these solutes and the lipid molecules are 
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important for membrane fusion, phase transitions, or transport across 

the membrane [10-12]. Amongst all the small salutes, cations were 

first found to make membrane fusogenic property. There has long been an 

interest to study the membrane fusion induced by cations starting from 

early seventies. The membrane fusion induced by Ca2+ [10, 13, 14], 

Mg2+[15, 16] , Mn2+ [16], Zn2+[17]  and other cations was studied to 

find their potential to induce membrane fusion and  Ca2+ was found to 

play much important role compared to other ions.  

The order of molecular packing in phospholipid bilayers can be 

affected by ions in the aqueous environment and induce the phase 

transition in phospholipid bilayers [18, 19]. The effect of ions on the 

phase transition in charged lipid membranes are by now well 

documented and dramatic increase in transition temperature were 

induced by Ca2+ or Mg2+ in the millimolar range. Amongst cations, 

divalent and monovalent cations show opposed effects in phase 

transition, while divalent ones (Mg2+ and Ca2+) increase the transition 

temperature, monovalents (Li+, Na+ and K+) decrease the transition 

temperature. These effects explain the nerve excitation and sensory 

transduction where cation-induced structural changes in 

biomembranes are discussed. [19-22].  

Therefore, influence of ions and molecules on bilayer structure of 

biological membranes is of great importance and has generated a great 

deal of interest with the recent growth of methods [20, 23, 24]. Ionic 

interaction mainly affects the stability of proteins and their functions 

of binding to membranes [25, 26]. It is very important to monitor the 

interactions of ions with lipid membranes and their effects on cellular 

signalling [20, 27, 28], association of proteins with cellular 

membranes [29-31], and membrane fusion [32-35]. Ions can bind 

directly to charged head groups of lipid or particularly to their polar 

headgroups. Based on many reports mostly theoretical studies, it is 
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now believed that salt has a significant impact on membrane 

properties such as the area per lipid or chain ordering. Cations mostly 

penetrate deeply into the headgroup area and can associate with the 

carbonyl oxygen and the phosphate group of the lipid bilayer 

[36]whereas anions do not have a strong binding with the lipid 

headgroups but merely compensate the positive charge of the counter-

cations or loosely associate with the charged group[37, 38].  

 

1.3. Model membrane lipid bilayer  

The membrane works based on its numerous pores that traverse 

species and its structure determine different functions on the 

membrane. Most of our knowledges about function of biological 

membranes came from studies on model systems. Biological 

membranes can be simply extracted but technical experiments with 

these systems are difficult due to the fact that they are very complex 

and that the lipid composition is diverse. Because of variations in 

membrane composition in the biological system and artificially 

introduced effects by the preparation procedures, these systems are not 

well defined in the sense that the various physical parameters, which 

control the membrane properties, cannot be influenced in precise way 

[39-42]. 

These model systems are very simple to use for different membrane 

investigations. It is possible to change the chemical composition of the 

membrane to work in the condition of a real system. Different 

methods and tests can be performed to investigate all physicochemical 

properties in these systems. These model membrane systems could 

help us to understand the critical role of membrane lipids in cellular 

uptake, ionic interactions with lipids, predict toxicity of drugs, protein 

crystallisation, and optimize drug delivery systems. The interaction of 
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species including ions or drugs in the cell membrane is a complex 

biological process, often impossible to understand because of its 

dynamic nature. [40, 43-45] Model membranes can be used to make 

experiment under conditions that cells may not be able to remain 

alive. 

Model membranes were suggested for studying membrane functions 

while retaining the essential lipid bilayer structure, but simplify the 

system. In recent years, model membranes have become increasingly 

useful to investigate different mechanisms such as ionic interaction in 

lipid surface, molecular recognition, enzymatic catalysis and 

membrane fusion. Danielli et al proposed the first membrane model, 

which describes a phospholipid bilayer that lies between two layers of 

globular proteins [46].  One of the most popular systems is the black 

lipid membrane (BLM) first introduced by Mueller in 1962 [47]. 

BLMs are in the form of thin lipid films made by assembling of two 

opposite monolayers attached to an aperture that separates two 

aqueous solutions. Supported bilayer lipid membranes (sBLM) are the 

earliest and the most popular model membrane systems because of 

their high mechanical stability and maintained fluidity [48].  

  

1.3.1. Lipidic cubic phase (LCP), a membrane-mimetic matrix 

Liquid crystals are a distinct phase of well-ordered packed molecules 

which depending on water content and temperature, can form 

thermodynamically stable supramolecular arrays for instance micelles 

[49], lyotropic liquid crystals (lamellar, hexagonal and cubic)[50] and 

vesicles[51].  Lyotropic liquid crystal phases or mesophases are 

categorised by the type of ordering: 
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1.3.2. Lamellar mesophase (Lα) 

Lamellar structure refers generally to packing of amphiphilic 

molecules in bilayer sheets separated by layers of water. Most 

phospholipids form crystalline lamellar Lα phases at low temperatures 

and/or hydrations. [51]. 

1.3.4 Hexagonal mesophase (Normal, H1, and Reverse, H2) 

A hexagonal phase of lyotropic liquid crystal is formed by lipids 

which are packed in elongated cylindrical structures of indefinite 

length. In the normal type of this phase H1, the inside of the cylinders 

contain hydrocarbon chains and a hydrophilic side facing to aqueous 

solutions. In the inverted hexagonal phase HII, the hydrophobic tail 

points toward the outside of cylinder and the polar head groups are 

facing to the aqueous channel [52]. 

 

 1.4. Cubic phases 

The LCPs are curved continuous lipid bilayer, which intermediate in 

curvature between lamellar phase and hexagonal phase. They form 

very viscous and three-dimensional well-ordered structure with 

interpenetrating network of aqueous channels. These mesophases were 

first introduced in lipid/water systems by Luzzati et al in the 1960s. 

LCP can be ordered as liquid crystalline phases by adding water at 

proper conditions to the lipid. The common LCPs are double 

diamond, primitive, and the gyroid surfaces and have crystallographic 

space groups Pn3m, Im3m and Ia3d respectively [53]. (Fig. 3) 



 

8 

 

Figure 3. The schematic structures of non-lamellar lipid self- assemblies: (a) 

Hexagonal (H 2), (b) Fd 3 m – micellar cubic phase, and (c) Ia3d , Pn3m and Im3m 

cubic phases ( adapted from Kulkarni, et al. [55] ).  

The curvature of lipid bilayer increases in the order Im3m 

< Pn3m < Ia3d mesophases and the dimension of the water 

channels of the cubic phase indicating the water holding capacity 

decrease. The symmetries of Im3m, Pn3m and Ia3d are different in 

connectivity, where the Ia3d has a 3-fold connectivity, with water 

channel connection point angle of 120°, the Pn3m has 4-fold 

connectivity with an angle of 109.5 and the Im3m phase contains 

90° 6-way junctions.  For the corresponding cubic phases 3, 4 and 6 

water channels meet at a single point. Schematic model of a 
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LCP belonging to the space group Im3m together with the 

curved bilayer and the central aqueous channel are represented (Fig. 

4) [54, 55]. 

 

 

Figure 4. Cartoon representation of cubic-Im3m phase.   

 

There are a variety of areas where LCPs have become the focus of 

much attention. LCPs are particularly suitable for encapsulation of 

biomolecules such as peptides and proteins and were used for 

membrane protein crystallization within a lipid bilayer environment 

[56-59]. In recent years, a number of authors have used LPCs as 

matrix material and carriers of hydrophilic drugs to provide sustained 
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release in drug delivery [60-63]. Another growing application of LCPs 

is using them as a host in biosensing because of their stability on an 

electrode surface where both hydrophilic and hydrophobic molecules 

can transport through the gel [64, 65]. In recent times, LCPs have also 

gained great importance in the view of their potential application in 

the enzymatic biofuel cell based on electrodes modified with cubic 

phases [66-68].   

1.4.1. 1-Oleoyl-rac-glycerol (MO)  

1-Oleoyl-rac-glycerol (MO) is the most studied lipid for LCP and 

commonly used as an emulsifying agent and food additive starting 

from 1950s but it has become one of the most LCP since 1960s. MO 

is an amphiphilic monoacylglycerol with 9-cis-octadecenoic acid at 

the sn-1 position of glycerol that enables the lipid to self-organize in 

water. It is composed of a hydrocarbon chain (tail), which is linked to 

a glycerol backbone (head) by an ester bond (Fig. 5). Two hydroxyl 

groups of the glycerol moiety give polar characteristics to this part of 

the molecule. 

 

Figure 5. The molecular structure of MO. 
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The hydroxyl groups of the glycerol moiety forms hydrogen bonds 

with water in an aqueous environment and it is commonly called as 

head group. The hydrocarbon chain makes the tail end of the 

molecule hydrophobic, or water resistant, while the headgroup is 

surrounded by water molecules. This structure is ideally suited for 

forming channels since polar head of molecule, two hydroxyl groups, 

form hydrogen bonds with water in aqueous solutions. The phase 

behaviours of this molecule dispersed in water and related hydrated 

monoacylglycerol systems, are of interest in different areas. The 

number of publications linked to MO per year, based on data obtained 

from Sciencedirect search engine is shown in Figure 6 and there has 

been an extraordinary increase in articles relating to applications MO 

in the fields ranging from protein crystallization to drug delivery [69-

71]. 

Fig

ure 6.  Trends in number of published studies per year  

 MO swells in water exhibiting different lyotropic liquid crystalline 

structures depending on the water composition and temperature as 

shown in its phase diagram in Figure 7. 
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 Figure 7. Temperature–composition phase diagram of the MO/water system 

(redrawn from Ref [72].) 

MO/water mixture in different water compositions and temperatures 

produce three-dimensional structures such as the lamellar, cubic 

phase, and hexagonal phases. According to the 

temperature−composition phase diagram of MO/water at 25 C, adding 

water to MO creates first reverse micellar (Lc) phase followed by a 

lamellar (Lα) phase, the Ia3d and Pn3m cubic phase. It forms reverse 

hexagonal (HII) phase at the temperatures above 80 °C up to 20wt% 

water.  MO undergoes a melting transition from lamellar phases to a 

liquid fluid isotropic (FI) phase at above 20 °C [71, 73-75]. 
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1.4.2 Methods to Study Lipid-ion interactions 

The effect of ions on the properties of phospholipid and competitive 

binding of them is crucial due to their important role in biological 

systems. The most common ions found in biological systems are Na+, 

K+, Ca2+, and Mg2+ and Cl− ions with quite different concentrations 

inside and outside of the cell. Electrostatic interactions between ions 

and the lipid molecules plays an essential role in processes like 

membrane fusion, phase transitions, transport across the membrane, 

maintaining the structural and functional integrity of membranes and 

stabilizing the membranes. Cations like calcium ions are also involved 

in bridging phosphate groups of DNA and PC lipids, linking between 

a protein and the cell membrane, blood, membrane fusion and nerve 

activity [76, 77].   

The interactions of ions with lipid membranes have been probed by a 

variety of experimental methods like molecular dynamic 

simulations[37, 71, 78-87], X-ray diffraction[88, 89], nuclear 

magnetic resonance (NMR)[90-94], infrared (IR) spectroscopy [95-

97], Small-angle X-ray diffraction(SAXRD)[98-100]. The permeation 

of lipid membrane mostly black lipid membranes, by ions and the 

interaction of ions with BLMs was studied by different 

electrochemical methods like cyclic voltammetry (CV)[101] [71, 102-

104], Electrochemical Impedance Spectroscopy(EIS)[105, 106], ion-

selective electrodes (ISEs)[107, 108],  Electrical conductivity[109-

111] and  particle electrophoresis[112-114]. 

Different binding modes or binding sites for cations with lipids has 

been suggested. Cations mostly Ca2+ and Mg2+ bind chemically with 

lipid head groups with numerical difference in binding constants they 

are more deeply buried than monovalent cations in the membrane and 

lipids have different binding locations for these ions [115, 116]. 
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Moreover, aggregation and condensing processes were reported in the 

presence of cations depending on their respective binding constants, 

which it is related strong bindings of them to phospholipid 

headgroups, and form dehydrated intermembrane complexes [20, 116-

119]. Beside condensing effect detailed information on ionic strength-

induced conformational changes in the lipid head group region [115, 

120, 121], swelling [122-124] and lipid dehydration [84, 97, 125, 126] 

were reported.  

There is no study on ionic interaction MO based cubic phase and 

diffusion of ions in the cubic phase.  Renata et al studied diffusion of 

hydrophilic probes in bicontinuous LCP using voltammetric and 

chronocoulometric methods [71, 127]. Nuclear magnetic resonance or 

holographic laser interferometry is used to determine the 

concentration profile of compounds in the cubic lipid-water phases by 

Mattisson et al [128, 129]. Nazaruk et al employed LCP in the drug 

release purposes to find diffusion of drug using electrochemical 

methods. The release of the anticancer drug from the lipid was 

retarded at physiological pH, while at lower pH, corresponding to the 

cancer environment, it was accelerated [61]. 
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2. Methods:  

2.1. Electrochemical Impedance Spectroscopy 

EIS is a strong tool for the investigation and characterisation of 

dielectric and electric properties of membranes and their interfaces, 

such as processes associated with living cells, membranes and solids 

immersed in solutions [130-135] 

The concept of impedance can be understood by substituting it into 

Ohm's law, which is a fundamental principle of electronics that 

describes the relationship between voltage, current, and resistance.  

Ohm's Law deals directly with the relationship between voltage and 

current in the Direct Current (DC).  The ratio of voltage to current is 

called the resistance where both the current and voltage do not change 

in time (1)  

 

(1)   

 

Where; 

V = Voltage in volts 

I = Current in amps 

R = Resistance in ohms 

 

 

Figure 8.  The plot of voltage over time in Direct Current  
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The current-voltage relationship in Alternating current (AC) circuits in 

general is represented by impedance (Zω) the form (2): 

 

(2)  

ω= Frequency 

E=Frequency-dependent potential 

I = Frequency-dependent current 

 

 

 

 

 

 

 

Figure 9. The plot of voltage over time in AC, which is constantly changing from 

positive to negative.   

The term impedance refers to the frequency dependant resistance to 

current flow of a circuit element (resistor, capacitor, inductor, etc.).  

EIS is used to measure the response of an electrode to a sinusoidal 

potential modulation at range of frequencies where sinusoidal 

perturbations of potential E (t) causes a sinusoidal current I (t) of the 

same frequency (ω) superimposed onto the steady state current with 
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the phase shift ϕ with the respect to the potential.  The measurements 

of impedance are performed in the linear range of 5–10 mV [135, 

136].  

The impedance is often visualized using complex numbers that 

generalizes the ratio V /I for any frequency f.  

 

(3)  

(4)  

 

The impedance is usually expressed as Z (ω) and is composed of a 

real and an imaginary part which is the sum of resistance, inductive 

reactance, and capacitive reactance. The real part of impedance is the 

resistance and the imaginary part is caused by the phase of the current 

and voltage being different by 90 degrees. An impedance Nyquist Plot 

has a real part (Z′) plotted on x-axis and imaginary part (Z′′) plotted 

along y-axis which is negative and that each point on the Nyquist Plot 

is the impedance at one frequency (Figure 10). Nyquist plots display 

both amplitude and phase angle on a single plot, the Impedance 

magnitude is illustrated by a vector (arrow) of length |Z| and the angle 

given between this vector and the X-axis is   represented by the phase 

angle (Ø). 
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Figure 10. Nyquist Plot with Impedance Vector 

The impedance of an ideal resistor is purely real showing the fact that 

the current in a resistor is in phase with the voltage across it. It is 

referred to as a resistive impedance.  

(5)  

The impedance of a pure capacitor (5) and inductor (6) differs from 

that of a resistor since it depends on frequency and it is an imaginary 

number. 

(6)  

(7)   

Sometimes impedance measurements show nonideal capacitor and 

they act like a constant phase element (CPE) as defined below. CPE 

has two parameters, the constant Q is the inverse of the capacitance (Q 

= 1/C) and the exponent n is less than one.  

(8)  

https://en.wikipedia.org/wiki/Resistor
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Electrochemical impedance plots often contain several elements and 

EIS measurement is followed by theoretical considerations on an 

appropriate physical equivalent circuit model of the studied system. 

An equivalent circuit is estimated from the model and is fitted to the 

measured EIS spectra.  

2.1.1. Electrochemical cell and measurements 

An electrochemical cell, Fig 13, was designed to measure membrane 

impedance to use in Paper I, II and IV. The homemade cell has two 

compartments to hold electrolytes and a cylindrical teflon brick, with 

dimensions  = 12 mm, thickness 3 mm with a small hole in the 

centre (Ø=1mm), was fixed between the two compartments. Two 

platinum electrodes (Ø=0.5, A= 0.07cm2) were assembled in each 

compartment. This cell was set up using 2-electrodes configuration in 

their respective solutions since at higher resistance membranes large 

measurement errors were obtained when a 4-electrodes set up was 

investigated in the Paper I.  

First EIS measurements were done on the cell filled with electrolytes 

without membrane to find fixed parameter of different electrolytes. 

EIS data were analysed by fitting to proper equivalent circuit model to 

estimate Rs, Cdl and CCPE elements using a ZView software. 

Consecutive impedance scans were conducted immediately after 

filling the teflon brick with LCP and followed by assembling the 

electrochemical cell. 

 Impedance measurements were performed after the cylindrical 

aperture, connecting the two cell compartments, was filled with LCP 

membrane. The dielectric properties (Rcp and Ccp) of the LCP 
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membrane were estimated from circuit fitting. Results obtained from 

the data fitting are summarized and reported in (paper I, II and IV). 

 

2.2. Cyclic voltammetry  

Cyclic voltammetry (CV) is a potential sweep method which allows to 

probe the mechanics of redox and transport properties of a system in 

solutions and membranes. CV involves changing the electrode 

potential linearly as a function of time and measures the current that 

develops under conditions where voltage is in excess of that predicted 

by the Nernst equation. 

(9) Red → Ox + n e- 

 

(10)  

 

 

CV measurements are carried out typically in a 3 electrodes setup 

immersed in a solution containing the analyte and an excess of a 

nonreactive electrolyte called the supporting electrolyte. The reduction 

/ oxidation reaction takes place at the working electrode and is studied 

by cycling the potential of an electrode, and measuring the resulting 

current. Figure 11 shows a cyclic voltammogram resulting from a 

single electron reduction and oxidation. Consider the following 

reversible reaction:  
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Figure 11. Schematic cyclic voltammogram for redox couple undergoing n 

electron oxidation-reduction process 

 

2.3. Small Angle X-ray diffraction (SAXRD) 

SAXRD is a biophysical method used to investigate the structural 

properties and structural transitions of biological macromolecules in 

the forms of solids, liquids or gels.  SAXRD can give information on 

the local ordering and structure of colloidal systems on a scale from 1 

to 100 nm. A Schematic representation of a SAXRD instrument and 

experimental set-up is shown on Figure 12. In an SAXRD instrument, 

a monochromatic beam of X-rays is selected and falls on the sample 

and some of the X-rays scatter but most simply go through the sample 

without interacting with it. The scattered intensity is collected as a 
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function of 2θ where 2θ is the scattering angle and λ the wavelength 

of the incident X-ray beam.  

The d-spacing between superlattice planes with Miller indices {hkl} 

was calculated by the Bragg equation, λ=2d sin θ. The value of θ was 

obtained from the SAXRD pattern. 

(11)  

Bragg's law, as stated above, can be used to obtain the lattice spacing 

of macromolecules like well-ordered lipids in the lipid cubic system 

through the following equation:  

(12)   

Where α is the lattice spacing of the cubic crystal, and h, k and 𝑙 are 

the Miller indices of the Bragg plane [137, 138]. 
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Figure 12. Schematic representation of a SAXRD instrument 

SAXRD measurements were employed to determine the type of cubic 

phase and the lattice parameters. Measurements were performed on a 

Bruker NanoStar diffractometer with a fixed incoming wavelength of 

Cu Kα with λ = 1.54. The small aperture in the Teflon brick was filled 

with LCP and exposed to different electrolytes for 2, 50 h after filling. 

Teflon brick was covered with Kapton tape to avoid drying out of 

water from LCP. The sealed Teflon brick was mounted on a holder 

and started collecting SAXRD data immediately. Three consecutive 
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SAXRD scans were obtained after 2, 5 hours of exposure time, for 

each sample, and each scan took 15 minutes. Obtained unit cell 

parameters for DOPS/MO/water and MO/water systems are 

reported in paper II and IV, respectively. 
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3. Results and Discussion 

In this chapter, the main finding from the papers related to LCP in the 

fields of Glucose enzymatic fuel cell and ionic interaction are 

summarized and discussed in chronological order (paper  

I- IV).  

Paper I: Investigation of metal ion interaction with a lipid cubic phase 

using electrochemical impedance spectroscopy 

Ions can interact directly with the lipid molecules, particularly with 

their polar or charged headgroups.  The affinities of biologically 

relevant ions for the lipid head groups in biological membrane has 

been of great attention in recent decades since ions bound to 

membranes are essential to regulate membrane properties and 

membrane functioning[37, 139]. The MO cubic phase can be used to 

study ionic interaction of lipid headgroup.  Two hydroxyl groups of 

the glycerol moiety give polar characteristics to the headgroup and 

form hydrogen bonds with the hydration shell of solvated cations.  

Objective 

In the present work, we aimed to elucidate the difference in affinities 

of metal ions to lipid headgroup using EIS. A homemade cell 

was used to run EIS experiment. The cell was a two-

compartment cell with a Teflon bridge between them and one 

platinum electrode on each side. We produced a series of EIS scans to 

extract resistance and capacitance of LCP membrane exposed to 10 

and 100 mM, of KCl, CsBr and CaCl2.   
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Figure 13. The two-compartment cell for probing EIS of LCPs. 

 

Main findings and discussion of results in paper I  

In paper I, it is demonstrated that EIS is a versatile tool for 

investigation of ionic interaction with LCP membrane. A decrease in 

the initial resistance across the LCP membrane is observed with time, 

which is attributed to a slow diffusion of ions into the LCP. It is also 

observed that ions show different membrane resistances and 

membrane resistance increased in the order Cs+ ≃ K+ < Ca2+.  

The difference between monovalent and divalent cations was clearly 

showen from the differences in membrane resistance and capacitance. 

In good agreement with our observations, Vácha et al and Yang et al 

have reported similar results using metadynamics simulations [37, 

139]. The resistance of LCP exposed to 10 mM KCl was higher than 

the resistance of LCP exposed to the same ionic strength of CsBr 
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which confirm that that potassium ions penetrate deeply into the 

headgroup region and bind weakly to the lipids, whereas cesium ions 

stay in the aqueous domain as discussed by Vácha et al[37].   

 

Paper II: Cationic Interaction with Phosphatidylcholine in a LCP 

studied with electrochemical impedance spectroscopy and Small Angle 

X-ray Scattering  

Phospholipids are the main groups of Lipids in membrane structure 

and have diverse roles involving containment unit of a living cell, 

transport and signaling [140]. During the past years there has been an 

increasing interest in studying the behavior of phospholipid 

membranes interaction with different ions since they can affect the 

physical and biological properties of membranes [18, 141].  

Objective 

In this study, we aimed to investigate the interaction of cation with the 

choline headgroup using changes in resistance and capacitance of 

zwitterion model lipid. A ternary system of MO/DOPC/water was 

exposed to 10 and 100 mM ionic strengths of KCl, CsCl, MgCl2 and 

CaCl2. The same Electrochemical cell shown in Fig. 13 was used to 

run EIS measurements. SAXRD was used to verify the influence of 

ions on membrane and estimate the structure and cell unit parameters 

of the LCP.   

Main findings and discussion of results in paper II  

The developed ternary system of MO/DOPC/water allowed us to 

study the interaction of different cations with the choline group using 

EIS. In parallel with EIS, SAXRD was used as complementary 

technique to confirm EIS results. Membrane resistances reflect the 
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magnitude of cationic interaction with lipids and follow the 

Hofmeister series. Estimated results indicates that cations bind to the 

bilayers to different extents, in the order Ca2+ > Mg2+> K+ > Cs+ as 

shown in Figure 14.  These results show very good agreement with 

results reported by others groups where metal cations with large 

charge densities have strong affinity to phosphate groups and carbonyl 

groups in the lipid headgroup but large monovalent cations show 

weaker interaction with neutral lipids [142-144]. 

Our results are consistent with the findings of Vacha and Gambu 

[145] suggesting that potassium ion interacts stronger with the 

membrane than cesium. The existence of Ia3d type of cubic phases 

was determined by SAXRD and no phase transition took place when 

the membrane was exposed to different electrolytes. Obtained unit cell 

parameters from SAXRD measurements and capacitance are expected 

to reflect affinity of ions to head group which results in condensing 

and swelling effects. The lowest value of membrane capacitance was 

obtained for the cesium since this ion has very weak tendency to lipid 

head group. Potassium at high ionic strength shows the highest 

membrane capacitance and a slight increase in the unit cell parameter 

compared to other ions. Increase in unit cell parameters indicates that 

the membrane is swelling when it exposed to potassium.   
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Figure 14. All changes in membrane resistances   

 

 

Paper III: Aspects on mediated glucose oxidation at a supported cubic 

phase  

An enzymatic biofuel cell can convert chemical energy into electrical 

current using enzymes as a catalyst to oxidize its fuel. Most of biofuel 

cells generate electrical energy from the enzymatic degradation of 

glucose and ethanol. The main advantage of these types of fuel cells is 

their application in the implantable and microscale devices and natural 

compounds as fuels are able to operate under at mild 

conditions of temperature and pH [146-148].  
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Objective 

A biofuel Cell structure must be designed to maximize current density 

and minimize over potentials due to kinetics, ohmic resistance, and 

mass transfer. A biofuel cell based on glassy carbon electrode 

modified with enzymes embedded in lipid cubic phase was used to 

investigate the mediated enzymatic oxidation of glucose using cyclic 

voltammetry. Cyclic voltammetry at various temperatures, scan rates 

and glucose concentrations were performed. 

Main findings and discussion of results in paper III 

Decrease in diffusion coefficient of the mediator due to decreasing 

temperatures from 30 to 15 °C was observed. This strong temperature 

dependency is related to large increase in the resistance as a result of 

cubic-to-lamellar phase transition in the MO/water system when 

temperature was lowered below 20 °C. Mediator transport across the 

membrane was the rate-limiting step in the overall reaction. 

 

Paper IV: Interactions of anions with lipid cubic phase membranes, an 

electrochemical impedance study  

The influence of ions on various properties of membranes has been 

widely studied over a period of years with respect to its distribution, 

its extent, and the mechanism of its operation. Different experimental 

studies have shown the role of specific ion effects on the lipids 

specially based on Hofmeister series. Despite the fact that the 

Hofmeister series plays an important role in the ionic interactions of 

lipids, the precise mechanism and verities of phenomena on lipid-ions 

interfaces has not yet been explained and no generally accepted 

clarifying suggestion exist at the molecular level [124, 149].  
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Objective 

Aiming to elucidate the mechanisms behind specific anion effects in 

lipid systems we have studied the effects of sodium salts of chloride, 

acetate and tryptophan (negatively charged drug at pH=7.5) anions on 

the LCP using EIS and SAXRD technique. The purpose of the current 

study was to investigate interaction of anions with cubic phase and 

permeability of membranes to the ions. The phase behavior and the 

MO and structure of the lipid phases were studied by SAXRD.  

Main findings and discussion of results in paper IV 

 Because of the differences in affinities of anions to the lipid 

headgroup, the estimated membrane resistance increase in the 

sequence Cl- < OAc- < Trp- at both ionic strengths. Chloride and 

acetate anions were found to move into the aqueous channels of cubic 

phase and membrane resistances are decreasing with time. In contrast 

with smaller anions, membrane resistance of Trp- , with a large fatty 

tail, increase with time indicating a drug penetration phenomenon at 

the membrane-solution interface. Penetration of Trp- to fatty domain 

of membrane at the surface induces a phase change of lipid as 

confirmed by SAXRD at higher concentration of Trp-. The membrane 

exhibited expected phase behavior Pn3m in presence of Cl- and OAc- 

samples at both concentrations. The presence of sodium chloride and 

sodium acetate electrolytes at 4 mM was found to increase membrane 

capacitance which indicate forming tight ion-lipid complexes like 

sodium chloride with lipid head group. This is in good agreement with 

the results of Westermeier et al [81].  

These findings suggest that Cl- an OAc- anions partition into aqueous 

channels. They interact with the head groups in the channels, thus 
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decreasing Rcp during time and increasing membrane capacitance, but 

Trp- anions only penetrate into the fatty domains bilayers at membrane 

electrolyte interface. 
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4. Conclusion and future perspectives  

Electrochemical Impedance Spectroscopy was employed for first time 

to investigate the ionic interaction of lipid membrane based on cubic 

phase in the studies of Paper I, II and IV. Paper I presents a 

homemade electrochemical cell which was used to find values for the 

membrane resistance and capacitance of membranes. A clear 

difference between monovalent, K+ (aq) and Cs+ (aq) and divalent, 

Ca2+ (aq) cations was demonstrated from observations of differences 

in membrane resistance and membrane capacitance which are in good 

accord with earlier reports. Notably, EIS provided its capability to 

confirm earlier findings such as specific binding of calcium and its 

condensing effect on membranes. The study has confirmed that K+ 

(aq) penetrates more into the MO headgroup region than Cs+ (aq) as 

reported by other investigators. 

The study discussed in Paper II showed that the membrane resistance 

reflects ionic interactions with the lipid membrane inside the water 

channels and metal ionic interaction with a MO/PC cubic phase could 

be investigated with EIS. SAXRD measurements clearly show that the 

MO/DOPC/water cubic phase retained the Ia3d crystal structure at 

exposure to all metal cations at the two ionic strengths in this study. 

These study provides an important and novel information on swelling 

and condensing effects of cations on cubic phase membrane. These 

results indicates that at least two types of effects associated 

with such exposure of ions to lipid take place and both are 

concentration dependent.  

The work presented in Paper III represents an investigation of the 

mediated oxidation of glucose at an electrode supported monoolein 

cubic phase carrying GOx, with ferrocene carboxylate mediator. By 

Cyclic voltammetry, we were able to study mass-transport properties 
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of system at various temperatures and glucose concentrations. A 

strong temperature dependency was observed with large increase in 

the resistance at temperatures below 20 °C, which explained with 

phase transition from a cubic to a lamellar phase. Slow transport of the 

mediator inside the film to regenerate the enzyme was observed by 

increasing the film thickness this indicates the mediation of glucose 

oxidation occurs only at the interface between the cubic phase and the 

electrolyte solution. 

In Paper IV, EIS technique was further developed to investigate the 

interaction of chloride, acetate and tryptophan anions with MO cubic 

phase. Small-angle X-ray scattering was used for phase identification 

and tracking structural changes within cubic phase lipids when the 

LCP membrane was exposed to electrolytes. We conclude that it is 

possible to determine interaction alterations in membrane in response 

to ions exposure using EIS by monitoring membrane resistance and 

capacitance. However, we were able to follow changes in cubic phase 

using SAXRD.  Membrane resistance increase at both ionic strengths 

of electrolyte in the order Cl- < OAc- < Trp-. For Trp-, a strong 

penetration to hydrophobic domain of LCP was observed that leads to 

large changes in structure of lipid as well as a high resistance of 

membrane. This indicates that large hydrophobic anions do not move 

through aqueous channels and prefer to penetrate 

into hydrophobic region of the bilayer of cubic phase at 

the membrane/solution interfaces. 
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4.1. Future work 

It would be very interesting to monitor changes in LCP exposed to 

different monovalent cations. The work described here focuses over a 

relatively small range of ionic strengths but approaching physiological 

ionic strength. Future work can extend these measurements to provide 

a broader range of concentrations. Repulsive forces, swelling effect 

and condensing effects are dramatically changed at different ionic 

strengths. Checking the system at different ionic strength, would lead 

to possibility of achieving concentration effects and will allow an 

assessment of the balance between attractive and repulsive forces. 
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