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1  Motivation of thesis 

 
 

1. Motivation of thesis 

 

Oxidative stress as a concept in redox biology and medicine is defined as “A disturbance in the 

pro-oxidant and anti-oxidant balance in favor of the former, leading to potential damage” [1, 

2]. This imbalance could be caused by depletion of antioxidants or increased production of 

reactive species that lead to the damage of the cellular biomolecules and cause the various 

diseases such as  Alzheimer's and Parkinson's disease, cancer, diabetes mellitus, and 

inflammatory diseases [3]. Several methods such as infrared reflection absorption spectroscopy 

(IRRAS) [4], atomic force microscopy (AFM) [5, 6], electrochemistry [7-9], and mass 

spectrometry [10-12] have been developed to study the effect of reactive species on 

biomolecules and protective role of antioxidants. Scholz et al. developed an electrochemical 

assay to study the impact of reactive species on self-assembled monolayer (SAM) [7]. This 

electrochemical assay can also be used to determine the antioxidant activity of plant extracts 

based on the inhibition of SAM degradation [13]. The main advantage of the method is the easy 

preparation of the SAM and that the interaction of biologically relevant reactive species with 

SAMs as well as with antioxidants can be measured. Thal et al., used this electrochemical assay 

to compare the capacity of different antioxidants against oxidative damage of SAM [8]. 

However, antioxidant activities are known to be concentration- and cell line-dependent, and 

antioxidant properties should be characterized with respect to the target site, such as the cell 

membrane [14, 15]. Therefore, the aim of this project was to use this electrochemical assay with 

gold supported lipid bilayers instead of SAM to study the effect of reactive species on model 

membranes that mimic oxidative damage to the biological cell membrane. Here, three questions 

will be addressed: I) how specific substances such as lipophilic and hydrophilic antioxidants 

protect a membrane from oxidative damage, II) what are the lipid oxidation products after 

oxidative damage of the model membrane, and III) whether oxidative damage of the model 

membranes causes pore formation on lipid bilayer. To this end, electrochemistry was first used 

to measure the oxidative damage over the entire lipid membrane in macroscopic level. 

However, it does not clearly show what happens at the molecular level. Therefore, mass 

spectroscopy is used to characterize how lipids as the molecular building blocks of the 

membrane, change when exposed to reactive species. Imaging the membrane with AFM can 

also show how oxidative damage in the model membrane alters lipid self-assembly within the 

supported lipid bilayer in nanometer scale. It can also explain the results observed with 

electrochemistry. In addition, cold physical plasma (CPP) was used to produce the biological 
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relevant reactive species. In short, the following approaches were used in this work to answer 

the above mentioned questions:  

(i) Preparation of gold-supported lipid bilayers as model membranes; 

(ii) Electrochemical analysis of the effect of CPP-derived reactive species on model 

membranes; 

(iii) Evaluation of lipophilic and hydrophilic antioxidants using the membrane-based 

electrochemical sensor; 

(iv) Mass spectrometric analysis of the effect of CPP on model membranes; 

(v) Atomic force microscopy imaging of the effect of CPP on model membranes; 

(vi) Protective role of sphingomyelin lipids in membranes against oxidative stress.  

In summary, the aim of our study is to use state-of-the-art analytical techniques to provide 

comprehensive information on the mechanism of oxidative damage to the membrane and the 

protective role of antioxidants and biomolecules during oxidative stress. 

 

 

 

 

 

 

 

 

 

 

 

 



3   Introduction 

 
 

2. Introduction 

 

 2.1 Biological membranes and model membranes  

 

Biological membranes are fundamental elements for cellular organization. They provide 

cellular entities and are responsible for the compartmentalization of cytoplasmic space into 

functionally specialized organelles as well as controlled exchanges between the interior of the 

cell and the extracellular environment [16]. Membranes are involved in several processes, such 

as passive and active transport through the membrane, molecular recognition, enzymatic 

catalysis, cell signaling, and cell adhesion [17, 18]. They consist of a bilayer of lipid molecules 

as a main part, and membrane proteins and sugars are also key components of the structure. 

Membrane proteins play a vital role to maintain the structural integrity, organization and flow 

of material through membranes. Sugars are found on one side of the bilayer only, and are 

attached by covalent bonds to some lipids and proteins [19]. According to The “fluid mosaic” 

model, introduced by Singer and Nicolson, a main structural element of the membrane is a self-

assembled phospholipid bilayer [17]. Phospholipid molecules spontaneously form bilayers in 

aqueous environments. In this energetically most-favorable arrangement, the hydrophilic head 

groups are oriented towards intracellular and extracellular spaces and face the water at each 

surface of the bilayer, and the hydrophobic tails face each other in order to isolate them from 

the surrounding environment. The driving force for self-assembly of all biological membranes 

is the hydrophobic effect, which is contributed by the aliphatic lipid chains. The polar 

headgroups of lipids are then responsible for the stability of the bilayer membrane as a self-

assembled structure [20, 21]. The complex chemical composition and functionality of cell 

membrane puts a challenge on the investigation of its role.  

To simplify the system, model membranes such as lipid vesicles [22-25], supported lipid 

bilayers (SLB) [26-29], and freestanding lipid bilayers [30] have been developed (Figure 1) 

over the years [31-33]. Considering the scope of this dissertation work, the discussion here is 

limited to supported lipid bilayer (SLB). 
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Figure 1. Different types of model membranes: a) lipid vesicle b) supported lipid bilayer and c) 

freestanding lipid bilayer. 

 

 2.2 Supported lipid bilayers (SLBs) 

 

SLB is a membrane-mimetic platform that maintains the fundamental properties of biological 

membranes such as bilayer thickness, lateral lipid mobility, and the ability to incorporate 

membrane-associated biomolecules [27, 34, 35]. This simple platform has proven to be an 

efficient technique for in vitro studies of membrane-related processes such as interaction of 

reactive species with lipid bilayer [36-38], raft formation [39], protein binding [40], virus and 

virus-like particle binding [41, 42], and cell signaling [34, 43]. Besides the broad range of 

applications, it has advantages over other techniques [36-38]. One of the most powerful benefits 

of SLBs is that they are compatible with a variety of surface-sensitive techniques such as 

electrochemical methods, atomic force microscopy, and quartz crystal microbalance [44-47]. 

Several methods have been developed for the fabrication of SLB, e.g. Langmuir-Blodgett and 

Langmuir-Schaefer [48], solvent assisted [34], and vesicle fusion methods [49]. 

2.2.1 Vesicle fusion method 

Supported lipid bilayers can be assembled by fusion of unilamellar phospholipid vesicles onto 

a hydrophilic solid support [50-53]. At hydrophilic surfaces such as silicon, glass, quartz or 

mica, vesicles fusion involves adsorption, deformation and rupture followed by spreading of a 

single bilayer on the surface (Figure 2) [48, 54, 55]. However, for vesicles with complex lipid 

composition, such as those containing high levels of cholesterol or sphingomyelin and also for 

some hydrophilic substrates such as gold electrode, vesicle rupture does not occur 

spontaneously. Depending on the system, vesicle rupture can be induced by further adjustment 

of experimental conditions such as temperature [56], osmotic shock [57], pressure [58], and 

change of the potential at the surface of the electrically conductive support [34, 53, 59]. In 

Articles I, II, and III, gold-supported lipid bilayers were prepared by the potential-assisted 

vesicle fusion method. There are two necessary factors in the preparation of lipid bilayers on 

the gold surface by this method. First, small unilamellar vesicles (SUVs) with a radius size of 

less than 100 nm should be prepared, and second, the surface of the gold substrate should be 

ultra-flat. These factors were achieved by using the sonication method to prepare the liposomes 

and mixing electrochemical and mechanical cleaning of the surface of the gold electrode to 

obtain an ultra-flat surface. It has been reported that the structure of a lipid bilayer on a gold 
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support changes as a function of the applied potential [60]. Slow scan rates allow the system to 

reach the equilibrium structure of the immobilized lipid layers at each potential. Repeated, 

prolonged scans lead to the breakup of adsorbed liposomes and the formation of a lipid bilayer. 

In Article II, for coenzyme Q10-containing bilayers, the slow scan rates are necessary to ensure 

complete reduction/oxidation of Q10 during the voltammetric cycle [61]. In addition, in Article 

III, for AFM studies, a lipid bilayer on silicon substrate was prepared by the vesicle fusion 

method, and the high hydrophilic properties of the silicon substrate provide the conditions for 

spontaneous rupture of liposomes on substrate by the vesicle fusion method. 

  

 

Figure 2. The formation mechanism of supported lipid bilayer by vesicle fusion method: 

adsorption of liposomes, deformation, rupture, and spreading of lipid bilayer on the hydrophilic 

surface 

2.2.2 Langmuir-Blodgett and Langmuir-Schaefer 

A combination of the Langmuir–Blodgett (LB) and Langmuir–Schaefer (LS) methods (LB–

LS) is a technique for preparing supported lipid bilayer [62, 63]. Supported lipid bilayer is 

prepared based on the following procedures: After the substrate has been immersed in liquid 

phase, lipid solution is deposited on the air-water interface and compressed to desired surface 

pressure. The substrate is drawn out of the subphase perpendicularly to the monolayer at the 

air–liquid interface to deposit the inner leaflet onto the substrate with polar heads turned to the 

support and the acyl chains outward (LB technique). The LS technique (horizontal touch 

method) is then employed to deposit the outer leaflet of the membrane onto a substrate-

supported inner monolayer leaflet [33]. This method also allows one to assemble bilayers with 

different compositions in the bottom and the top leaflets [48, 64]. 
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2.2.3 Solvent assisted method 

Supported lipid bilayer can also be prepared by solvent assisted method [65, 66]. The method 

is based on the deposition of lipid molecules on a solid surface in the presence of a water-

miscible organic solvent, followed by a stepwise exchange of this solvent with an aqueous 

buffer solution to initiate SLB formation. During the solvent exchange step, the ternary mixture 

of lipids, organic solvent, and water undergoes a series of phase transitions with increasing 

water content, resulting in the formation of lamellar phase structures in the bulk solution and 

the formation of lipid bilayers on the solid substrate [34, 35, 37, 67]. 

2.3 Reactive oxygen species (ROS) and oxidative stress 

 

Reactive oxygen species (ROS) serve as cell signaling molecules for normal biological 

processes. However, in high concentrations, they cause detrimental changes of cellular 

components such as lipids, proteins, and DNA, and also provoke damage to numerous cell 

organelles and processes that can ultimately disrupt normal physiology [68, 69]. The main 

source of reactive species production within most cells is the mitochondria [70]. ROS are 

generated from molecular oxygen as a result of normal cellular metabolism. Oxygen readily 

accepts free electrons generated by oxidative metabolism within the cell and produces reactive 

species [69]. ROS can be divided into two groups: free radicals and non-radicals. Molecules 

that contain one or more unpaired electrons, thus imparting reactivity to the molecule, are called 

free radicals. When two free radicals share their unpaired electrons, non-radical forms are 

formed [71]. The three major ROS that are of physiological importance are the superoxide anion 

(O2
•-), the hydroxyl radical (•OH), and hydrogen peroxide (H2O2). The list of reactive oxygen 

species is summarized in Table 1 [72].  

Oxidative stress is defined as an excessive production of reactive oxygen species (ROS) relative 

to antioxidant defenses. This imbalance leads to the damage of important biomolecules such as 

DNA, proteins and lipids with potential effects on the whole organism, and is associated with 

pathogenetic mechanisms of various diseases, including atherosclerosis, neurodegenerative 

diseases such as Alzheimer's and Parkinson's disease, cancer, diabetes mellitus, inflammatory 

diseases, and mental diseases or aging processes [3]. 

 

Table 1. List of reactive oxygen species (ROS) 

Reactive oxygen species (ROS) Formula 

Superoxide anion  O2
•- 
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Ozone O3 

Hydrogen peroxide H2O2 

Singlet oxygen 1O2 

Hydroxyl radical •OH 

Hypochloric acid HOCl 

Peroxyl radical ROO• 

Hydroperoxyl radical HOO• 

       

2.4 Peroxidation of membrane lipids 

 

Lipids as essential components of cell membranes that maintain structure and control cell 

function are primary targets for reactive species such as reactive oxygen and nitrogen species. 

Oxidation of lipids is correlated with a variety of pathological conditions [73, 74]. The process 

of lipid peroxidation is complex in nature and it is necessary to understand the mechanism of 

lipid peroxidation to prevent the harmful effects of this process [74]. The most potent reactive 

species include the hydroxyl radical (•OH), the superoxide anion radical (O2
•-), and the 

hydroperoxyl radical (HOO•), which are short-lived and highly reactive, play an important role 

in lipid peroxidation of cell membranes [75]. These radicals can initiate chain reactions that 

lead to chemical oxidation of lipids and consequent changes in the physical properties of cell 

membranes. Hydroxyl and hydroperoxyl radicals if reaching the interior of membranes 

containing unsaturated lipids can initiate primary oxidized products by an allylic hydrogen 

abstraction leading to the formation of lipid radical [76]. The lipid radical reacts with molecular 

oxygen, which is abundant inside the membrane, to form lipid peroxide radical [75]. The latter 

may further abstract hydrogen from another lipid to form a primary peroxidation product, 

LOOH (hydroperoxide), and a lipid radical, initiating thereof a chain reaction [77]. Oxidative 

lipid damage can lead to various products with truncated lipid tails ending with either an 

aldehyde or carboxyl group [78]. Hydroperoxides are converted to secondary products like 2-

nonenal and PoxnoPC by subsequent rearrangements (Hock cleavage, homolytic β-scission, 

etc.) [79]. The 2-nonenal is further converted to 4-HNE (4-hydroxynonenal) by reacting with a 

radical and oxygen in a manner similar to unsaturated bonds in unsaturated lipids, potentially 

contributing to the kinetic of oxidation process [80]. The process of membrane lipid 

peroxidation leads to a disruption of the bilayer structure and a change in membrane properties 

such as membrane fluidity, permeability to various substances, and bilayer thickness [76, 81]. 

Lipid peroxidation has been associated with various human diseases and exposures such as 
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atherosclerosis [82], cancer [83], diabetes [84], chronic alcohol exposure [85], acute lung injury 

[86], and neurodegenerative diseases [87], which include Alzheimer’s and Parkinson’s disease 

[74, 88]. In response to this threat from oxygen, organisms use multiple layers of antioxidant 

defense, damage repair, and recovery or replacement systems to enjoy life in an oxygen-rich 

environment [89]. In Article II, a mechanism for the effect of ROS on POPC lipid was proposed 

based on the peroxidation products of POPC in lipid bilayer which were characterized by mass 

spectrometry. 

2.5 Antioxidative systems 

 

Exposure of cells, tissues, and the extracellular matrix to harmful reactive species causes a 

cascade of reactions and induces the activation of several antioxidant defense mechanisms that 

provide for the elimination of the reactive species and their derivatives [90]. According to 

Halliwell [71], “antioxidant is any substance that delay, prevents, or remove oxidative damage 

to a target molecule”. Antioxidants can be categorized according to whether they are lipid-

soluble or water-soluble; lipophilic antioxidants are important in preventing the oxidation of 

cell membrane components, while hydrophilic antioxidants regulate the redox state of plasma 

and cytoplasm [91]. In addition, antioxidants can be divided into two categories: enzymatic and 

non-enzymatic (Table 2) [72].  

Table 2. The list of some enzymatic and non-enzymatic antioxidants 

Enzymatic antioxidants Non-enzymatic antioxidants 

Superoxide dismutase (SOD) All trans retinol 2 (Vitamin A) 

Catalase (CAT) Ascorbic acid (Vitamin C) 

Glutathione peroxidase (GTPx) -Tocopherol (Vitamin E) 

Thioredoxin (Trx) -Carotene 

Peroxiredoxin (Prx) Glutathione (GSH) 

Glutathione transferase (GST) Ubiquinone (Q10) 

 

2.5.1 Enzymatic antioxidants 

Antioxidant enzymes, such as superoxide dismutase (SOD), glutathione peroxidase (GTPx), 

catalase (CAT), thioredoxin (Trx) and peroxiredoxin (Prx), are essential components in cells to 

eliminate excess reactive oxygen species such as hydrogen peroxide (H2O2) [92]. The three 

SOD isoforms convert superoxide radicals to hydrogen peroxide and oxygen and they are 

present in high amounts around cellular sites of ROS production, such as mitochondria [93]. 

Reduced glutathione plays an essential role in intracellular redox regulation by providing 

reducing potential for many cellular processes [94]. Thioredoxins are a ubiquitous group of 
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small ubiquitous proteins that are important intracellular antioxidants. They contain reduced 

cysteine residues that enable enzymatic repair of oxidative damage of cellular proteins by 

reducing thiol-disulfide bonds formed during oxidations [95].  

2.5.2 Non-enzymatic antioxidants 

Non-enzymatic antioxidants generally have a low molecular weight, removing ROS by 

undergoing oxidation themselves. These include vitamin E, coenzyme Q10, glutathione, 

bilirubin, urate and some of them such as vitamins (ascorbic acid and trolox), phenolic acids 

(caffeic acid) and flavonoids (epigallocatechin gallate) derived from dietary sources [8, 90, 96]. 

Vitamin C or ascorbic acid, is a water-soluble radical scavenger. Moreover, in combination 

with GSH or compounds that can donate reducing equivalents, it regenerates vitamin E in cell 

membranes [97]. Vitamin C, transforms into the ascorbate radical by donating an electron to 

the lipid radical to stop the chain reaction of lipid peroxidation [96]. In Article I, the antioxidant 

activity of ascorbic acid, trolox, caffeic acid and epigallocatechin gallate as hydrophilic 

antioxidants was studied by self-assembled monolayer and membrane based electrochemical 

sensors.  

Vitamin E is a lipophilic antioxidant found mainly in the cell membrane [98]. There are eight 

tocopherols, collectively referred to as vitamin E. α-Tocopherol is the most biologically active, 

while γ-Tocopherol is the most abundant in the typical Western diet. Trolox is a water-soluble 

analog of the free radical scavenger α-tocopherol and shows some advantages among the 

vitamin E analogues used in oxidation studies, mainly because of its moderate water solubility 

it does not need to be incorporated into the lipid membrane [99].  

Glutathione is a cysteine-containing peptide and has a number of antioxidant effects that are 

typically performed intracellularly, where it is found in high concentration. The active thiol 

group of the cysteine residues donate electrons to scavenge ROS and keep NADPH in its 

reduced form [100]. In addition, reduced glutathione keeps ascorbic acid in its reduced form to 

facilitate its antioxidant activity.  

Coenzyme Q is one of the most important intramembrane antioxidants, a fascinating family of 

lipophilic molecules found in the intra-membranes and plasma of most eukaryotic cells and in 

the membranes of Gram-negative bacteria [101-103]. The most dominant variant in human cells 

is coenzyme Q10 (Q10). It is associated with several aspects of cellular metabolism, particularly 

the mitochondrial respiratory chain, in which it plays a significant role in electron and proton 
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transport across lipid membranes. It also acts as a potent antioxidant, protecting membrane 

lipids from peroxidation [104-106]. Recent finding suggest that the Q10 also enhances the 

mechanical stability of cell membrane [101, 107-109]. In Article II, the protective effect of 

coenzyme Q10 as a lipophilic antioxidant in the lipid bilayer was investigated. The results 

confirmed that a small fraction of Q10 can significantly protect the lipid bilayer and membrane 

during oxidative stress. 

 

2.6 Electrochemical assay to quantify radicals and radical scavenging activity of synthetic   

and natural antioxidants 

 

Various electrochemical biosensors for the detection of reactive species and antioxidants have 

been reported, such as sensors based on immobilized redox proteins [110, 111]. However, most 

protein-based biosensors suffer from difficulties in fabrication, such as the time consuming 

preparation procedure and low stability of the sensors [7]. In contrast, Scholz et al. developed 

a new electrochemical assay for free radical detection in which radicals destroy a self-

assembled monolayer (SAM) on the electrode surface [7]. SAM from alkylthiols can be easily 

prepared on the surface of the gold electrode, and when it covers the entire surface, the 

electrochemical signal from redox probes such as hexammine ruthenium (III) can be completely 

blocked. This stable SAM probe can be easily attacked by reactive species, the free radicals 

destroy the SAM, and the electrochemical signal of the redox probe recovers to an extent 

proportional to the extent of dissolution of the SAM [7]. 

This electrochemical assay has also been used to quantify the antioxidant activity of synthetic 

and natural antioxidants [13]. Scavenging activity can be followed when the electrochemical 

data are evaluated as (exponential) decay relative to the reference current I0 (anodic peak current 

of the redox probe at the bare electrode). The scavenging capacity of the substances toward 

reactive species in aqueous solution was indirectly measured by the slope of the function ln [1-

(It/I0)] vs. time, which represents the SAM destruction rate (k, sample) compared to the destruction 

rate in the absence of the antioxidant substance (k, control) [13]: 

% radical scavenging = [(k,control - k,sample)/k,control]×100 

 

The parameter k was determined in the linear section of the function from different treatment 

time. 

Therefore, the scavenging activity of antioxidants can be easily determined by this assay 

because the scavenging activity is reflected in the inhibition of SAM degradation and is 

determined by the decrease in the recovery of the peak current of the redox probe. In Article I, 
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this electrochemical assay was used to compare SAM sensor with the bilayer based sensor as a 

model membrane to decipher the scavenging ability of different antioxidants. Moreover, in 

Articles II and III, this electrochemical assay was combined with other techniques such as 

mass spectrometry and AFM to obtain comprehensive information on the effect of reactive 

species in model membranes and role of different compounds in protecting the membrane 

during oxidative stress. 

 

 2.7 Production of reactive oxygen and nitrogen species by cold physical plasma (CPP) 

 

Physical plasma is a special excited gas state, sometimes named “the fourth state of matter” 

following solid, liquid, and gaseous states. Cold physical plasma (CPP) as ionized gas with 

temperature close to human body temperature can be produced by different sources such as 

plasma jets or dielectric barrier discharges [112, 113]. All CPPs are characterized by the action 

of a complex mixture of chemical entities, like electrons, ions, neutrals, and radical species as 

well as radiation and electric fields [114]. It is an emerging technology that is being used for 

biomedical purposes like wound healing [115, 116], cancer treatment [117-120] and dental care 

[47, 59, 121]. In addition to its application in medicine, CPP is a promising experimental source 

for the production of a variety of reactive oxygen (ROS, e.g., •OH, •O2
–, 1O2, H2O2, 

•O, O3) and 

nitrogen species (RNS, e.g., •NO, •NO2, ONOO−) in gas and liquid phases (Figure 3) [47, 122]. 

The transport processes of reactive species from gas to bulk liquid is an important issue in 

plasma chemistry. There are three distinct processes in this cascade, gas phase transport of 

reactive species, processes at the interface (gas/liquid) and transport in liquids. Different 

processes occur at the interface, the dissolvation of gas phase species into the liquid and the 

chemical reaction between reactive species of the gas phase and molecules of the liquid phase. 

The former is determined by their solubility and polarity and by the properties of the liquid 

[123]. 
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Figure 3. Schematic of plasma jet and reactive species generated by cold physical plasma in 

gas and liquid phases [47] 

 

The kINPen (INP Greifswald/neoplas tools GmbH, Greifswald, Germany) is one of the cold 

physical plasma sources and has been developed from a laboratory system to a commercial 

plasma source for technical and medical applications [124, 125]. It has pin size and can be 

operated with argon gas with molecular admixtures or with compressed air to generate the 

plasma with a temperature of less than 40 °C. A central rod-shaped electrode is mounted in its 

metal housing and shielded by a dielectric quartz capillary connected to a grounded ring 

electrode. Plasma is generated by applying a sinusoidal voltage (2-6 kVpp) at a frequency of 

1.0-1.1 MHz to the central electrode (power: <3.5 W). The typical length of the plasma effluent 

is 9-12 mm and has a diameter of 1 mm [124-126]. The type and amount of reactive species 

generated by kINPen is controlled by various parameters such as composition and flow rate of 

the feed gas, dissipated power, and electrode geometry [125, 127]. Moreover, the chemical 

composition of the reactive species generated by the kINPen depends on the distance of the 

plasma source from the target and the type of target [59, 112, 128]. Reactive oxygen and 

nitrogen species generated by kINPen play a dominant role in plasma medicine and plasma 

liquid interaction [125]. ROS and RNS generated by kINPen and their characterization methods 

are listed in Table 3. In Articles I, II, and III, the kINPen plasma jet was used to generate the 

reactive species. Since the composition and nature of the reactive species are related to the size 

of the chamber, the amount of liquid phase, and the feed gas, the main reactive species generated 
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by CPP were studied in Article II, where the formation of hydroxyl radicals, superoxide anions, 

and hydrogen peroxide were detected by EPR spectroscopy and colorimetry studies of plasma-

treated water in the special electrochemical cell used in this project. In particular, the formation 

of these three reactive species was used in Article III because they play a significant role in 

cataract formation in eye. In addition to the application of the kINPen in the formation of 

reactive species, the role of antioxidant system in protection of healthy cells during plasma 

treatments of cancer cells was discussed in Article I. 

Table 3. Selected ROS and RNS with respective measurement techniques [125] 

Reactive species Nomenclature and symbol Measurement technique 

 

 

 

ROS 

Superoxide (O2
•-) 

Hydroxyl (•OH) 

 

Hydroperoxyl (HOO•) 

Ozone (O3) 

Singlet oxygen (1O2) 

Hydrogen peroxide (H2O2) 

Hypochlorite/hypochloric 

acid (OCl-/HOCl) 

EPR spectroscopy [47, 129] 

EPR spectroscopy, UV absorption, phenol with 

HPLC [47, 130] 

EPR spectroscopy [131] 

dye-based assay [132] 

EPR spectroscopy, luminescence [133] 

Colorimetry [47] 

Reaction products, electrochemical detection 

[134] 

 

 

RNS 

Peroxynitrite/ peroxynitrous 

acid (ONOO-/ONOOH) 

Nitrite/nitrous acid (NO2
- 

/HNO2) 

Nitrate/nitric acid (NO3
- 

/HNO3) 

Nitric oxide (NO•) 

Nitrogen dioxide (NO2
•) 

Colorimetry, ion chromatography [135] 

 

Colorimetry [136, 137] 

 

Colorimetry, ion chromatography, UV 

absorption [137-139] 

Phenol with HPLC [140] 

Phenol with HPLC [140] 
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3. Summary 

 

The aim of this thesis was to investigate the effect of reactive species on model membranes and 

to answer three questions: a) how specific substances such as lipophilic and hydrophilic 

antioxidants protect the membrane from oxidative damage, b) what are the oxidation products 

of the membrane after oxidative damage to the lipid bilayer and c) whether oxidative damage 

of the model membranes cause pore formation on lipid bilayer. For this purpose, the protective 

role of different hydrophilic antioxidants during oxidative stress in model membrane was 

investigated in Article I [8]. There are several methods for determining the antioxidant potential 

of natural and synthetic compounds based on their ability to scavenge reactive species. 

However, most of them lack biological relevance. In Article I, a gold-supported lipid bilayer 

as a model for a cell membrane was compared with a gold-supported self-assembled monolayer 

to evaluate the scavenging activity of different antioxidants. Both methods were based on the 

electrochemical assay developed by Scholz et al [7]. Briefly, self-assembled monolayers 

(SAMs) of alkylthiols can be easily prepared on the surface of gold electrodes and the 

electrochemical signal of a dissolved redox probe such as the hexammine ruthenium (III) or 

Potassium ferrocyanide complex, can be completely blocked. When such an electrode with a 

SAM is exposed to reactive species, the reactive species destroy the SAM, and the 

electrochemical signal of the redox probe recovers to a degree proportional to the extent of 

dissolution of the SAM [7]. In addition, the scavenging activity of antioxidants can be 

determined with this assay as the scavenging activity is reflected in the inhibition of SAM 

degradation and determine by the decrease of recovery of the peak current of redox probe [13]. 

Here, Trolox, caffeic acid (CA), epigallocatechin gallate (EGCG), ascorbic acid (AA), and 

ferulic acid (FA) were used as model antioxidants. Oxidative damage induced by reactive 

species and the protective role of antioxidants was verified by cyclic and differential pulse 

voltammetry. Interestingly, a similar order of radical scavenging activity was obtained for both 

electrochemical sensors, the achieved order of radical scavenging potential is as follows: Trolox 

> CA > EGCG > AA> FA. In both methods, Trolox showed the maximum protective effect; 

this could be due to the interaction of Trolox with the surface of both sensors. It may also 

partially diffuse into the lipid bilayer to protect it from reactive species. In addition to the 

similarity of the gold-supported SAM to the model membrane in antioxidant assessment, the 

stability, robustness, and ease of fabrication of this sensor offer unique advantages. However, 

the SAM-based electrochemical assay can only be used for the evaluation of hydrophilic 

antioxidants. In contrast, the membrane-based electrochemical assay is suitable for both 



15   Summary 

 
 

hydrophilic and lipophilic antioxidants. In Article II [47], Q10 as a lipophilic antioxidant was 

used to demonstrate the ability of the membrane-based sensor to probe both lipophilic and 

hydrophilic antioxidants. The electrochemical assay was used to measure oxidative damage on 

the membrane and the protective role of antioxidants, but it does not show what happens at the 

molecular level. Therefore, a protocol was proposed to combine the electrochemical results 

with high-resolution mass spectrometry to answer what lipid oxidation products are generated 

during plasma treatment of the lipid bilayer. First, the presence of Q10 in lipid bilayer was 

monitored by cyclic voltammetry and liquid chromatography-mass spectrometry (LC/MS) 

methods and both methods confirmed the incorporation of Q10 in supported POPC lipid bilayer. 

Then, cyclic voltammetry was used to monitor the effect of CPP derived reactive species on 

POPC lipid bilayer based on peak currents and peak separation of redox probe. According to 

the results, after 20 min plasma treatment, there is an increase in recovery of peak currents of 

redox system, suggesting the lipid degradation due to oxidative damage caused by CPP derived 

reactive species. However, the wide peak separation between oxidation and reduction peak 

potential of redox probe indicated that the redox system can diffuse into the lipid bilayer but 

the ions are not able to travel through lipid bilayer to reach the gold surface. In contrast, at 30 

min, there is a fast electron transfer between the electrode and the redox system, and the peak 

separation decreased to a value very closed to that of the redox system at bare gold electrode 

indicating the rupture of the lipid bilayer or significant pore formation. One can assume that the 

CPP-derived reactive species induces oxidative changes in the POPC molecule and with 

increasing time, a change in the SLB structure occurs leading to an increased permeability. 

Interestingly, the results showed that hydrogen peroxide, as a long-lived ROS, could not oxidize 

the POPC bilayer in the same extent, indicating that the short-lived species produced by the 

CPP play the major role. However, during the plasma treatment of POPC:Q10, a decrease in 

the recovery of anodic peak current of redox probe was recorded by differential pulse 

voltammetry in comparison with the current observed in the absence of Q10 confirming the 

protective role of coenzyme Q10 in the membrane during the oxidative stress. Moreover, the 

chemical integrity of POPC was analyzed using high-resolution mass spectrometry. Lipid 

oxidation products such as PoxnoPC, PAzePC, and POPC hydroperoxide were found by mass 

spectrometry. However, in presence of coenzyme Q10 in lipid bilayer, only LysoPC was found 

as lipid oxidation product, confirming the conclusions from the electrochemical experiments in 

ability of the Q10 in protection of lipid bilayer during plasma treatment. The findings are also 

relevant with application of cold physical plasmas in cancer treatment as the lack of promising 

antioxidative systems in cancer cells can be one of the reasons why cold physical plasma can 
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treat cancer cells while healthy cells remain undamaged. In addition, the proposed protocol 

using a combination of electrochemistry and mass spectrometry, can be used as a general 

protocol to study the effect of ROS generated by other therapeutic methods such as 

photodynamic therapy and irradiation on membranes.  

In Article III [59], this protocol was used to address the protective role of sphingomyelin in 

the eye lens membrane during oxidative stress. AFM was used to complement the protocol and 

show how oxidative damage in the model membrane changes lipid self-assembly within the 

supported lipid bilayer.  

Cataracts, as an age-related disease, can result from oxidative damage in the eye lens. In the 

lens membrane, the distribution of lipid classes is known to change during aging with an 

increase of sphingomyelins (SM) compared to phosphatidylcholines (PC) [59]. In this study, 

the protective role of the different fractions of SM in the eye lens membrane against oxidative 

damage was investigated using state-of-the-art analytical techniques such as electrochemistry, 

high-resolution mass spectrometry (HR-MS) and AFM. CPP-derived reactive species were 

used to mimic the main reactive species in the eye such as •OH, O2
•-, and H2O2, especially 

during cataract formation. The electrochemical results showed that with increasing SM fraction 

in the model membrane during plasma treatment, there was a decrease in the peak current 

recovery of the redox system, confirming the protective role of SM in the lipid bilayer. In 

addition, mass spectrometry results showed that PLPC was much more oxidized by plasma-

derived ROS than SM and confirmed the electrochemical results that less oxidative damage of 

the membrane occurred with increasing SM content in the model membrane.  AFM imaging of 

supported PLPC lipid bilayer indicated pore formation and bilayer degradation on model 

membrane. In addition, protrusion formation was observed for PLPC lipid bilayer after short 

plasma treatment. In contrast, no degradation was observed after short plasma treatments of the 

model membrane in presence of SM lipids that confirm the protective role of SM in model 

membranes. The protection in the presence of SM could be due to structural interaction of SM 

and PLPC molecules. Since there is an amide and hydroxyl group in the head groups of SM for 

accepting and donating hydrogen, hydrogen bonding between PLPC and SM lipids in 

membrane occurs [141]. Such attractive force reduces the penetration of reactive species into 

the membrane and decreases the oxidation damage in the alkyl chains. In addition, the results 

show that a high amount of lipid aldehydes in a model membrane is necessary for pore 

formation. The results of all techniques confirm the protective role of SM in the membrane 

from oxidative damage and support the idea that SM content in the lens cell membrane is 
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increased during aging in the absence of effective antioxidant systems to protect the eye from 

oxidative damage and prolong lens transparency. 

To conclude, the results of this work answer the questions stated in the motivation section of 

the project. A membrane-based electrochemical assay was introduced to evaluate the 

scavenging activity of hydrophilic and lipophilic antioxidants and the protective role of these 

compounds in the membrane during oxidative stress. Furthermore, membrane oxidation 

products were determined by high-resolution mass spectrometry, and finally, atomic force 

microscopy results showed how the topographic image of the supported lipid bilayer changed 

after plasma treatments of the model membrane. In addition, by combining electrochemistry, 

mass spectrometry, and atomic force microscopy, a protocol was proposed to investigate the 

effect of extracellular reactive species on model membranes. Cold physical plasma proved to 

be a promising source for generating reactive species for fundamental studies in addition to its 

application in medicine. 

This fundamental research demonstrates the great potential of supported lipid bilayers as model 

membranes and cold physical plasma as a source for the production of biologically relevant 

reactive species to study the effect of oxidative stress on cell membranes. Further research is 

needed to investigate the effect of reactive species on more complex model membranes such as 

asymmetric membranes with intramembrane proteins and ion channels.   
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