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ABSTRACT 15 

Lipid oxidation is a universal degradative process of cell membrane lipids that is induced by oxidative 16 

stress and reactive oxygen and nitrogen species (RONS) in multiple pathophysiological situations. It 17 

has been shown that certain oxidized lipids alter membrane properties, leading to a loss of membrane 18 

function. Alteration of membrane properties is thought to depend on the initial membrane lipid 19 

composition, such as the number of acyl chain unsaturations. However, it is unclear how oxidative 20 

damage is related to biophysical properties of membranes. We therefore set out to quantify lipid 21 

oxidation through various analytical methods and determine key biophysical membrane parameters 22 

using model membranes containing lipids with different degrees of lipid unsaturation. As source for 23 

RONS we used cold plasma that is currently developed as treatment for infections and cancer. Our 24 

data revealed complex lipid oxidation that can lead to two main permeabilization mechanisms. The first 25 

one appears upon direct contact of membranes with RONS and depends on the formation of truncated 26 

oxidized phospholipids. These lipids seem to be partly released from the bilayer, implying that they are 27 

likely to interact with other membranes and potentially act as signaling molecules. This mechanism is 28 

independent of lipid unsaturation, does not rely on large variations in lipid packing and is most probably 29 

mediated via short-living RONS. The second mechanism overtakes after longer incubation periods and 30 

depends probably on the continued formation of lipid oxygen adducts such as lipid hydroperoxides or 31 

ketones. This mechanism depends on lipid unsaturation and involves large variations in lipid packing. 32 

This study indicates that polyunsaturated lipids, that are present in mammalian membranes rather than 33 

in bacteria, do not sensitize membranes to instant permeabilization by RONS but could promote long 34 

term damage. 35 

 36 

Statement of significance 37 
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Oxidative stress is a common pathophysiological process that leads to the impairment of cell 38 

membranes due to the formation of oxidized lipids. Unfortunately, it is unknown how a complex mixture 39 

of oxidized lipids impairs membrane function by altering biophysical membrane properties upon lipid 40 

unsaturation. We therefore combined analytical techniques to quantify oxidized lipids and correlate their 41 

quantity to key biophysical membrane parameters. We observed two mechanisms impairing the 42 

integrity of the membrane. One is unsaturation-independent and dominated by truncated lipids, 43 

produced by short-living reactive oxygen species. The second is unsaturation-dependent and occurs 44 

upon formation of lipid oxygen adducts after longer incubation periods. Both mechanisms trigger the 45 

release of oxidized lipids from the membrane, that could constitute signaling molecules. 46 

Abbreviations 47 

CAP, Cold Atmospheric Plasma; RO(N)S Reactive Oxygen (and Nitrogen) Species; LUV, Large 48 

Unilamellar Vesicle; GUV, Giant Unilamellar Vesicle; H2O2, Hydrogen Peroxide; OH∙, Hydroxyl Radical; 49 

TA, Terephthalate; 2-HTA, 2-Hydroxyterephthalate; Ampliflu™ Red, N-Acetyl-3,7-50 

dihydroxyphenoxazine; OxPCs, oxidized phosphatidylcholine; HRP, Horseradish Peroxidase; HPLC-51 

MS, High Performance Liquid Chromatography-Mass Spectrometry; FOX Assay,  Ferrous Oxidation-52 

Xylenol Orange Assay; AAS, Atomic Absorption Spectroscopy; BHT, Butylhydroxytoluene; DNPH, 2,4-53 

Dinitrophenylhydrazine; DBD-ED, 4-(N, N-Dimethylaminosulfonyl)-7-(2-aminoethylamino)-2,1,3-54 

benzoxadiazole; TPP, Triphenylphosphine; DPDS, 2,2’-Dipyridyl disulfide; DLS, Dynamic Light 55 

Scattering; GP, Generalized Polarization; IPA, Isopropanol; LOD, Limit of Detection; LOQ, Limit of 56 

Quantification; PCA, Principal component analysis. 57 

Introduction 58 

Cell membrane oxidation is a universal degradative process that can ultimately lead to the alteration of 59 

membrane properties and cell death. It is usually started by reactive oxygen and nitrogen species 60 

(RONS) that induce membrane lipid or protein oxidation in the absence of efficient oxidative defense 61 

mechanisms (1). RONS are generated during oxidative stress in pathophysiological situations or as 62 

defense mechanism towards infectious germs in phagolysosomes of macrophages and neutrophils to 63 

kill invading microorganisms (2, 3). Cold atmospheric plasma (CAP) is a relatively new technology, 64 

which mimics this principle to fight bacterial infections or even cancer cells by producing large amounts 65 

of RONS in situ that can be directly applied to an infected wound or tumor for instance by a plasma pen 66 

(4, 5). It has been proposed that the main target of exoplasmically produced RONS is the cell membrane, 67 

whose lipids and proteins are subsequently oxidized, leading to alterations of numerous biophysical 68 

properties of the membrane that compromise its biological function (6).  69 

 70 

In prior studies it has been shown that lipid oxidation and its consequences for biophysical properties 71 

of membranes such as permeability or fluidity depend strongly on the lipid composition (1, 7) which is 72 

largely organelle- and species-dependent (8, 9). While lipids in membranes of Gram-positive bacteria 73 

mainly contain saturated or monounsaturated acyl chains (9) human cell membranes present a much 74 

larger distribution of unsaturations, including poly-unsaturated lipids (8). Most phospholipids are 75 

asymmetrically unsaturated, containing a saturated and an unsaturated tail at the sn-1 and sn-2 position, 76 

respectively, while just a minority of phospholipids possesses two saturated or two unsaturated tails 77 

(10). Poly-unsaturated lipids are more sensitive to oxidative modifications (11). This is due to the 78 
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formation of a pentadienyl radical which is stabilized by the mesomeric effect. Addition of an oxygen 79 

molecule to the lipid radical can then produce a hydroperoxyl radical which itself can react with another 80 

polyunsaturated lipid, giving rise to another lipid radical and a hydroperoxide. This radical chain reaction 81 

is called lipid peroxidation in literature (1).  82 

 83 

Several studies showed that the formation of lipid oxides can modulate biophysical properties of 84 

membranes and induce pore formation (7, 12, 13). Ytzhak et al. found that membranes containing 85 

polyunsaturated lipids were more prone to permeabilization. However, they used high concentrations 86 

of polyunsaturated lipids such as di-18:2, di-18:3 or di-18:6, which are only found at very small 87 

concentrations in cells (7, 10). In a similar experiment on giant unilamellar vesicles (GUV), Bour et al. 88 

reached no definitive conclusion regarding the presence of lipid unsaturations and sensitivity to 89 

permeabilization (14). Usually, the effects on membrane properties and integrity depend on the 90 

individual oxidized lipid species that are created. There are strong indications that secondary cleavage 91 

products such as lipid aldehydes and carboxylic acids have a stronger effect on permeabilization while 92 

lipid hydroperoxides drastically change the area/lipid ratio and induce lipid phase separation but seem 93 

to be less effective in permeabilizing membranes (12, 13, 15–17). 94 

 95 

While the effects of single oxidized lipid species on certain biophysical properties have become 96 

apparent, it is not clear how a complex combination of oxidized lipids, which is biologically more relevant, 97 

would induce changes to membrane properties. This is mainly due to the difficulty to simultaneously 98 

quantify each oxidized lipid species. A comparison on how symmetric e.g. PC(18:1/18:1) versus 99 

asymmetric e.g. PC(16:0/18:1) monounsaturated or polyunsaturated lipids (Fig. 1B) sensitize 100 

membranes to oxidative damage is also lacking. Further, the distinction between direct damage to 101 

membranes by RONS versus long-term effects from continuous reactions such as lipid peroxidation 102 

after post-incubation periods is often omitted. This is biologically highly relevant since an initial small-103 

scale damage could eventually develop into serious membrane alterations in the absence of efficient 104 

antioxidant repair mechanisms. In this perspective, we investigate short- and long-term 105 

permeabilization and membrane packing in parallel to molecular changes induced by RONS that are 106 

produced in situ by cold atmospheric plasma in large unilamellar vesicles (LUVs) composed of 107 

symmetrical and asymmetrical mono- and polyunsaturated lipids.  To determine the enounced 108 

properties, we use a combination of biophysical, biochemical and analytical approaches described 109 

hereunder.  110 

Results  111 

RONS production by KINPen IND® 112 

To produce RONS, we used the KINPen® which is a plasma pen that has been optimized to produce a 113 

large amount of hydroxyl radicals (18). In our setup (Fig. 1A), the generated plasma plume does not 114 

touch the liquid suspension which contains the membrane models - large unilamellar vesicles (LUVs). 115 

The electric field will not interfere in vesicle permeation because it is too weak outside the plume, 116 

meaning that permeabilization or other changes of membrane properties will be induced by lipid 117 

oxidation. We first assessed the quantity of RONS that were produced in our setup by determining the 118 

amount of hydroxyl radicals (OH•) and hydrogen peroxide (H2O2) at the corresponding incubation times 119 
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(Fig. S1A, B). While hydroxyl radicals were detected at micromolar range, H2O2 reached millimolar 120 

levels at 20 min CAP treatment. Since the quantity of RONS that is produced in the chosen condition is 121 

reproducible, we assume that main differences on membrane effects resulted from initial lipid 122 

compositions. 123 

Permeabilization by RONS is mediated via two different mechanisms 124 

Potassium ions (K+) play important roles in many cellular processes (19), especially in membrane 125 

potential maintenance. The lipid bilayer of cell membranes is generally not permeable towards K+, with 126 

the concentration gradient between the cytoplasm and exoplasm being mainly maintained by the 127 

Na+/K+-ATPase pump. Here we quantified K+ leakage in LUVs made of phosphatidylcholine lipids with 128 

different symmetric or asymmetric combinations of mono- and polyunsaturated acyl chains by atomic 129 

absorption spectroscopy (AAS) directly upon CAP treatment and after a 20 h post-incubation period at 130 

ambient temperature.  131 

We started out with several control experiments to rule out factors that could potentially influence 132 

membrane permeability or lipid oxidation. First, a difference in osmotic pressure between the inside and 133 

the outside of vesicles may favor permeabilization of LUVs. Since CAP induces the formation of new 134 

species, we might observe a significant increase of osmolarity outside of vesicles. However, during all 135 

our setups, no significant change of osmolarity could be observed during treatment, ruling out this 136 

possibility (Fig. S2A). As described earlier, also the effect of the generated electric field and hence 137 

electro permeabilization can be ruled out in our current setup. Furthermore, acidity is an important factor 138 

which could influence lipid oxidation. However, the pH remained unaffected in our setup, excluding 139 

related effects (Fig. S2B). 140 

As shown in Fig. 2A, CAP induced a gradual K+ release from LUVs during a 10-40 min treatment period. 141 

The rate of K+ release (k-value) in these four different LUVs compositions does not appear to vary 142 

significantly during the 10-40 min treatment period, indicating that unsaturations do not sensitize 143 

membranes towards direct RONS damage (Fig. 2C). By contrast, after a 20 h post-CAP treatment 144 

period, the amount of K+ release increased particularly in poly-unsaturated PC lipids i.e. PC(16:0/18:2) 145 

and PC(18:2/18:2) (Fig. 2B) with the k-value related to the rate of release increasing only in LUVs made 146 

of polyunsaturated lipids (Fig. 2C). These results indicate two different release mechanisms, one 147 

independent of unsaturation and another depending strongly on unsaturation. Curiously, we observed 148 

that K+-release was always higher in PC(16:0/18:1) LUVs than in PC(18:1/18:1) LUVs, suggesting that 149 

oxidized lipid species of asymetrically monounsaturated lipids might be more powerful in permeabilizing 150 

the membrane. 151 

Membrane packing alterations by RONS depend on lipid 152 

unsaturations 153 

Packing of lipid membranes is an important biophysical property which is related to many functional 154 

aspects of membranes, such as permeability and lateral diffusion of lipids and proteins. Modulation of 155 

membrane packing through external or internal stimuli can have large consequences for the evoked 156 

functions and can lead to the impairment of membrane signaling and cell death in absence of adaptation 157 

(20, 21). To examine if CAP alters membrane packing, we applied two environmental polarity sensitive 158 
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dyes, Laurdan and di-4-ANEPPDHQ, which have been widely used to quantify membrane packing in 159 

both model membranes and living cells (22, 23). In principle, di-4-ANEPPDHQ probes only the outer 160 

leaflet of the membrane bilayer due to its positive charges and hence incapacity to flip to the inner leaflet 161 

(24). If damage occurs only to the outer leaflet, this probe should be more sensitive than Laurdan. 162 

Further, the fluorophore of di-4-ANEPPDHQ is assumed to probe polarity close to the headgroup/water 163 

interface (25). Laurdan probes the polarity of both membrane bilayer leaflets in between acyl chains 164 

and lipid headgroups (26, 27), hence at a slightly deeper location in the membrane bilayer than di-4-165 

ANEPPDHQ.  166 

 167 

We observed that oxidation induced a slight increase of Laurdan Generalized Polarization (GP) in all 168 

LUVs after 40 min of CAP treatment, indicating either that less water molecules are in the vicinity of 169 

Laurdan and packing has increased, or the polarity of its microenvironment has decreased (Fig. 3A). 170 

After 20 h of post-incubation, we observed a large increase of Laurdan GP only in polyunsaturated 171 

lipids (Fig. 3A), similar to the strong increase of permeabilization (Fig. 2B). Changes of similar 172 

magnitude appeared measuring di-4-ANEPPDHQ GP, but surprisingly into the opposite direction, with 173 

a decrease of GP, indicating less packing or an increase of the polarity in the microenvironment (Fig. 174 

3B). These opposite trends could arise from the fact that CAP induces differential changes upon 175 

membrane depth which might be explained by the large variety of oxidized species being formed (see 176 

below). A somehow compensatory effect might also explain the absence of large packing changes 177 

probed by di-4-ANEPPDHQ on PC(16:0/18:2) after post-incubation.    178 

Quantification of oxidized phosphatidylcholines (OxPCs) 179 

Production and diversity of hydroperoxides 180 

To examine the complex relationship of permeabilization or membrane packing with the formation of 181 

oxidized phosphatidylcholines (OxPCs), we quantified and characterized the formation of OxPCs upon 182 

incubation of LUVs with RONS, generated by CAP. For the quantification of total hydroperoxides in 183 

LUVs, the FOX assay was used (Fig. 4A) (28–30). In PC(16:0/18:2) and PC(18:2/18:2) LUVs, lipid 184 

hydroperoxides were further quantified by HPLC-UV-MS, taking advantage of the specific UV 185 

absorbance of conjugated dienes at 234 nm (Fig. S3). A comparison of both methods revealed an equal 186 

specificity towards hydroperoxides albeit that the FOX assay gives higher values because it determines 187 

the amount of all -OOH functions in the lipid extract while the LC-UV method determines the amount of 188 

individual -OOH lipids. We observed that RONS produced by CAP induced detectable amounts of lipid 189 

hydroperoxides only in LUVs made of poly-unsaturated lipids, e.g. PC(16:0/18:2) and PC(18:2/18:2) 190 

(Fig. 4A, Fig. S3). Twenty hours post-incubation led to a huge increase of hydroperoxides in these 191 

LUVs, especially in PC(18:2/18:2), indicating a strong dependence on the number of unsaturations.  192 

 193 

The distribution of hydroperoxide species in PC(16:0/18:2) and PC(18:2/18:2) LUVs is summarized in 194 

Fig. 5A, B. The complexity and diversity of lipid hydroperoxides rose upon increasing numbers of 195 

unsaturated double bonds (Fig. 5A, B, Fig. S3). Hydroperoxides with one -OOH were the most 196 

abundant in both PC(16:0/18:2) and PC(18:2/18:2) LUVs, followed by those with two -OOH or three -197 

OOH functional groups.  198 
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Production and diversity of OxPCs with truncated acyl chains 199 

Next, we focused on lipid oxides with truncated acyl chains, including lipid aldehydes and carboxylic 200 

acids that can be produced from the decomposition of lipid hydroperoxides at the unsaturation sites via 201 

Hock rearrangement or the formation of a dioxetane (31, 32). DNPH derivatization in combination with 202 

LC-MS-UV was used to quantify truncated and non-truncated aldehydes and ketones (33). Truncated 203 

phospholipids with aldehyde and ketone groups were by far the most common products while ketone 204 

addition products were only obtained in significant amounts in polyunsaturated lipids (~10 % in PC 205 

(16:0/18:2) and 10-20 % in PC (18:2/18:2) out of their corresponding total DNPH signal) (Fig. 5E, F). 206 

In PC (18:2/18:2), a small amount of DNPH peak area (5-10%) after 20h of post-incubation contained 207 

truncated lipids and addition products, which made it impossible to assign this quantity to any of the 208 

products (Fig. 5F). Interestingly, we observed that the total amount of aldehydes and ketones was 209 

similar in lipids with symetrically unsaturated acyl chains (PC(18:1/18:1) and PC(18:2/18:2)) and 210 

significantly higher compared to asymmetrically unsaturated acyl chains PC(16:0/18:1) and 211 

PC(16:0/18:2)) directly after CAP treatment (Fig. 1 and Fig. 4B). This implies that production of these 212 

species depends on the number of unsaturated acyl chains, rather than the total number of lipid 213 

unsaturations. Noticeably, 20 h post-incubation only resulted in further accumulation of these species 214 

in PC(18:2/18:2) LUVs, and this seemed mainly due to the accumulation of ketone addition products.  215 

 216 

Conversely to the amount of lipid aldehydes, the diversity of aldehyde species increased upon the total 217 

number of unsaturations. The variety of species is summarized in supplementary tables 218 

(Supplementary file, S3, S4, S5, S6).  219 

 220 

In addition to aldehydes, lipid carboxylic acids constitute the most common truncated OxPCs. Lipid 221 

carboxylic acids derive from either the oxidation of lipid aldehydes or the decomposition of secondary 222 

oxidized products, e.g. lipid hydroperoxides, ketones, hydroxides and ozonides (34). The total amount 223 

of lipid carboxylic acids seemed to be positively correlated with the total number of unsaturated double 224 

bonds and post-incubation induced only slight changes (Fig. 4C).  225 

Production and diversity of other OxPCs  226 

Lipid hydroxyls, ketones or epoxides can be formed by either rearrangement of lipid hydroperoxides or 227 

direct formation by reacting with hydroxyl radicals (35, 36). Moreover, ozone (O3), that is also produced 228 

by CAP, reacts with unsaturated lipids as well, resulting in ozonides (37, 38). Considering the lack of 229 

standardized quantitative approaches for the determination of these oxidized lipid species (except 230 

ketones, Fig. 5C, D, E, F), and their relatively small amount, we applied a semi quantitative approach 231 

(39) by presenting the distribution of OxPCs with different numbers of oxygen atoms in Fig. S4. We 232 

observed that more oxygen atoms were added to host lipids upon CAP treatment time and post-233 

incubation, and that this trend also depended on unsaturations, i.e. poly-unsaturated LUVs have ~10 234 

times more addition of oxygen than mono-unsaturated LUVs. We further observed that the largest 235 

relative peak area could be related to the formation of hydroperoxides especially in polyunsaturated 236 

lipids (Fig. S4, *OO).  237 

OxPCs are released from host LUV bilayer  238 
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To investigate whether OxPCs remain in the membrane of host LUVs, or whether they escape the 239 

membrane and adsorb at the air-water interface, we measured the surface tension after various 240 

treatment conditions. In this “pendant-drop” experiment, a drop is formed instantly, and directly hereafter 241 

amphiphilic substances can adsorb at the air-water interface upon the time scale of the experiment (Fig. 242 

6). A reduction in surface tension is hence induced by the adsorption of amphiphilic molecules e.g. 243 

surfactants, at the water-air interface. For LUV controls without CAP treatment (Fig. 6A), no significant 244 

decrease in surface tension was observed within the observation time scale, regardless the number of 245 

unsaturations, meaning there was no release of phospholipids into the air-water interface on the time 246 

scale of the experiment. Triton X-100, a known surfactant, effectively reduced surface tension in buffer 247 

(Fig. S5A) and LUV suspensions (Fig. 6A), showing its potency in adsorbing at the water-air interface.  248 

 249 

CAP treatment reduced surface tension in all LUV suspensions (Fig. 6A) but not of pure PBS buffer, 250 

indicating that RONS on their own have no effect on surface tension reduction, but oxidized lipids do 251 

(Fig. S5B). Post-incubation caused a slightly larger reduction of this interfacial tension only in LUVs 252 

made of PC(18:2/18:2). Our results indicate that certain OxPCs are released from the host LUV 253 

membrane bilayer and adsorb at the air-water interface, thereby reducing surface tension (Fig. 6B) (40, 254 

41).  255 

 256 

Interestingly, DLS analysis shows neither a significant reduction in average size for all treated LUVs 257 

nor the formation of small aggregates such as micelles (Fig. S6A, B, C, D). This could mean that only 258 

a small amount of the formed OxPCs is released from the host LUV membrane bilayer into the aqueous 259 

phase, the air-water interface. Another possibility is that the reduction of size of LUVs due to the release 260 

of certain oxidized lipids is compensated by the formation of molecules with a larger molecular surface 261 

than the original phospholipids such as lipid hydroperoxides (17).  262 

 263 

Lipid oxidation increases the polarity of lipids especially if oxidation leads to truncation of an acyl chain 264 

such as during the formation of aldehydes or carboxylic acids (Table S1). According to the prediction 265 

of logP (Table S1), the effective partitioning into the aqueous phase should increase by a factor of ~102 266 

if an oxygen atom is added to the acyl chains, and by a factor of ~105 if the chain is oxidatively truncated. 267 

The chances are hence large that truncated phospholipids can effectively partition into the aqueous 268 

phase.  269 

 270 

Interestingly, the rate by which the surface tension is decreased depends strongly on the structure of 271 

the oxidized lipid (Fig. S5B) and is different for post-incubation in PC(18:2/18:2) (Fig. 6A). The 272 

residence time of a lipid in a bilayer is commonly defined as 𝜏𝑅 = 𝜏0/𝑒
−𝛥𝐸/𝑘𝑇where 𝜏𝑅  is the mean 273 

residence time in s-1, 𝜏0 is the motional correlation time for amphiphiles in bilayers (~10-7 s), 𝛥𝐸 is the 274 

activation energy for the lipid to escape the bilayer, k is the Boltzmann constant and T the temperature 275 

in Kelvin. This expression can be approximated by 𝜏𝑅 ≈ 55𝜏0/𝐶𝑀𝐶, where CMC is the critical micellar 276 

concentration of the lipid (or critical aggregation concentration for bilayer forming lipids). From the 277 

measured CMC/CAC of phospholipids, the escape rate should increase by a factor of 4-10 if 2 CH2 278 

groups are “cut-off” the lipid (42, 43). From these theoretical considerations, it seems that truncated 279 

lipids are the best candidates to be quickliest released from the bilayer and hence reduce surface 280 

tension.  281 
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Principal component analysis (PCA) of membrane properties and 282 

lipid oxidation 283 

A PCA reveals the connection of different parameters in treated samples by visualizing variations of 284 

multiple parameters into a two-dimensional space. In our analysis, the directions of brown arrows 285 

indicate the development of parameters such as permeability etc. (Fig. 7). If arrows are almost parallel, 286 

parameters are positively correlated and evolve into similar directions (increase or decrease) upon 287 

samples (LUVs) and conditions (control, CAP treatment, post-incubation). If the arrows point into 288 

opposite directions, the parameters are negatively correlated, meaning if one parameter increases, the 289 

other decreases or vice-versa. Conversely, if arrows are perpendicular, then these parameters are 290 

probably not correlated. LUV samples that are close on the PCA coordinate system have similar 291 

properties.  292 

 293 

The most informative PCAs were obtained comparing control samples vs. 40 min treated CAP samples 294 

without post-incubation (Fig. 7A), and 40 min CAP treatment without post-incubation vs. 40 min CAP 295 

treatment with 20 h post-incubation (Fig. 7B).  296 

 297 

PCA revealed that all LUV samples evolved into similar directions on the PCA plane upon direct CAP 298 

treatment, meaning that oxidation of lipids, permeabilization, packing developed similarly for all samples, 299 

regardless of lipid unsaturations (Fig. 7A, green and purple arrows). We observed further that 300 

permeabilization was closely linked to the formation of truncated aldehydes and ketones, slightly less 301 

to carboxylic acids, while hydroperoxides and ketone adducts seemed less correlated to this trend (Fig. 302 

7A, brown arrows). This means that hydroperoxides and ketone adducts play a minor role in the 303 

permeabilization mechanisms for direct treatment, which is supported by the fact that no hydroperoxide 304 

and almost no ketone adduct is formed for monounsaturated lipids although permeabilization is 305 

progressing (Fig. 2A, Fig. 4A, Fig. 5C, D). Interestingly, surface tension evolved into the opposite 306 

direction of especially truncated aldehydes and ketones, and carboxylic acids, meaning that surface 307 

tension decreased upon formation of especially truncated oxidized phospholipids (Fig. 7A).  308 

 309 

Comparison of samples treated for 40 minutes and that were either submitted to 20 h post-incubation 310 

or not provided a different picture. Sample points of polyunsaturated lipids (purple arrows) evolved 311 

strongly on the PCA plane (large distances) while differences for monounsaturated lipids remained 312 

small (green arrows) (Fig. 7B). This means that post-incubation affects mainly LUVs of polyunsaturated 313 

lipids. Changes to permeabilization, due solely to post-incubation, were less linked to the formation of 314 

truncated lipids but rather to hydroperoxide and ketone adducts formation (Fig. 7B, brown arrows). It 315 

appears though that long-term permeabilization might be promoted by oxygen addition products such 316 

as hydroperoxides. This implies that permeabilization proceeds possibly via two different mechanisms. 317 

One that is quite rapid and depends on acyl chain breaking, and another that depends on longer post-318 

incubation periods and the formation of oxygen addition products. Surface tension was here also rather 319 

linked to the formation of hydroperoxides and ketone adducts, meaning that their release to the aqueous 320 

environment or the air-water interface is slower, as discussed before (Fig. 7A, B).  321 

 322 
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The picture for packing investigated by di-4-ANEPPDHQ and Laurdan GP is less clear, although large 323 

changes in GP appear only upon the formation of oxygen addition products (Fig. 3A, B and Fig. 7B).  324 

 325 

It is unfortunately not sure how other lipid oxides such as hydroxyls, epoxides or ozonides might 326 

contribute to changes of membrane properties since we did not quantify them in an absolute manner 327 

(Fig. S4). However, the relative increase of these peaks in LC-MS is very small compared to the 328 

formation of truncated oxidized phospholipids or ketones addition products plus hydroperoxides, 329 

especially in polyunsaturated lipids (Fig. S4), suggesting that the quantified oxidized lipids should be 330 

responsible for the main effects observed.  331 

Discussion 332 

Lipid peroxidation is ubiquitous but the modulation of different biophysical properties of the membrane 333 

upon formation of oxidized lipids is still poorly understood because of the huge complexity of possible 334 

oxidation products in biological and even model membranes. By using model membranes made of 335 

mono- and poly-unsaturated lipids with one unsaturated (asymmetric) or two unsaturated (symmetric) 336 

acyl chains, we analyzed how structural properties of lipids guide the alteration process of membranes 337 

upon oxidation and identified the main oxidized lipid species that are responsible.   338 

Our data, combined with PCA suggests that two different permeabilization mechanisms exist. The first 339 

mechanism leads to rapid permeabilization in parallel to the formation of truncated lipids, in mono and 340 

polyunsaturated lipids. Hence, the associated oxidative cleavage does not depend on the unsaturation 341 

degree, if at least one unsaturation is present. The formation of cleaved lipid aldehydes and carboxylic 342 

acids can happen via formation of hydroperoxide intermediates and subsequent Hock cleavage or 343 

dioxetane formation (44). This mechanism is based on hydrogen abstraction from the Cα carbon of the 344 

acyl chain. Another mechanism to produce truncated lipids is based on the formation of Criegee 345 

ozonides which requires the formation of ozone, produced by the CAP source (45, 46). Since there are 346 

almost no hydroperoxides present in the mono-unsaturated models, oxidative cleavage might not rely 347 

on the intermediate of hydroperoxides here – except if they are very unstable in the present conditions. 348 

The kINPen produces a cold plasma containing a large variety of RONS, thus it is difficult to say which 349 

oxidation mechanism is dominating. We can assume that short-living reactive species (OH•, OOH•, O, 350 

O3, O2-., 1O2) play a major role here since they can induce fast hydrogen abstraction and subsequent 351 

acyl chain truncation. The kINPen is known to generate large amounts of hydroxyl radicals, as it has 352 

been determined in Figure S1, thus these might be the main species inducing short-term damages (47). 353 

It has earlier been shown that indirect treatment by plasma does not induce direct permeabilization, 354 

excluding a significant effect of long-living RONS (48). 355 

It has been proposed in other studies that truncated lipids are the driving factor for membrane 356 

permeabilization (12, 13, 49–51). Generally, an increase of positive intrinsic molecular curvature due to 357 

truncation of the acyl chains goes along with an increase of polarity of the side chain due to aldehyde 358 

or carboxylic acid formation (Table S1). This parallel increase of membrane polarity and the amount of 359 

positively curved lipids could lead to the formation of toroidal pores at a certain threshold of oxidized 360 

lipids (13, 52). The truncated lipids, or their short chain oxidized counterparts, are probably also 361 

responsible for the observed reduction of surface tension as discussed before. Since there is no 362 
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decrease of LUV size, chances are real that the amount of released lipids is small, especially since no 363 

hydroperoxides with a high molecular surface area are formed in LUVs of monounsaturated lipids that 364 

could compensate for the area change.  365 

The continuous K+ release observed during this “fast” mechanism could be explained by a) the 366 

formation of short living “membrane instabilities” that are associated with the instant formation of 367 

truncated lipids by short living RONS, b) formation of toroidal pores which are only formed at a certain 368 

threshold concentration of truncated lipids and which is inhibited by the constant release of pore forming 369 

OxPCs from the membrane or c) the asymmetric oxidation of both monolayers. In our case, the 370 

formation of truncated lipids in the outer monolayer could create a concentration gradient, forcing the 371 

flipping of these oxidized lipids to the inner leaflet and thereby creating possible transient instabilities. 372 

Preferential oxidation of the outer monolayer has been proposed as a mechanism in GUV membrane 373 

destabilization (51).  374 

The second permeabilization mechanism is only observed during long-term incubation of 375 

polyunsaturated lipids. Since only hydroperoxides increased strongly in LUVs with polyunsaturated 376 

lipids upon post-incubation, we suspect that this “slow” permeabilization is based on hydroperoxide 377 

formation, even though other addition products such as ketones might play a role. Interestingly, this 378 

permeabilization is coupled to a huge increase in Laurdan GP. This increase in packing or reduction of 379 

the water incursion might be due to the increase in surface area per molecule which is predicted upon 380 

formation of hydroperoxides. Formation of hydroperoxides might also induce a lateral rearrangement 381 

of other oxidized lipids in the membrane. It has been shown that hydroperoxides are able to phase 382 

separate from other lipids (17, 53), meaning that the effective surface for other oxidized lipids such as 383 

aldehydes or carboxylic acids on a LUV could be reduced, which would increase their local 384 

concentration and hence their efficiency in permeabilizing membranes. If hydroperoxides are mainly 385 

created on the outer monolayer, the area increase of the outer monolayer could create an area 386 

difference between inner and outer leaflet and thereby promote membrane instabilities (51). Effects 387 

related to area difference should in theory be compensated by quickly flip-flopping lipids such as 388 

cholesterol, which is not present in our models.  389 

A threshold for permeabilization by oxidized lipids was proposed by several authors (12, 54). Runas et 390 

al. observed a large increase of passive diffusion of an uncharged molecule from 2.5-10 % POxnoPC 391 

i.e. PC(16:0/9:0<CHO@C9>). At this concentration of oxidized lipid, no diffusion of charged molecules 392 

through the membrane was observed. Above 12.5 %, charged dextran of a size of 54.5 nm was able to 393 

cross the membrane, implying the formation of pores that exceeded this size (54). Since we observe 394 

the permeation towards the small but charged potassium ion, these thresholds might be different - if 395 

they even exist. After 10 min of treatment, we observe 10-20 % of total potassium release associated 396 

with 5-8 % of lipid aldehydes or 0.5-5 % of carboxylic acid formation. It is not clear how the association 397 

of a variety of different aldehydes and carboxylic acids might play a role in permeabilization.  398 

Laurdan and di-4-ANEPPDHQ GP were altered differently upon oxidation. This difference might either 399 

arise from different locations of the probes in the membrane z-axis (55), from the fact that di-4-400 

ANEPPDHQ is leaflet selective and hence might only probe the outer leaflet if there is no flipping (24), 401 

or from the fact that both molecules probe different properties (56). The PCA analysis revealed that 402 

both probes develop into different directions upon oxidation but also upon the number of lipid 403 
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unsaturations in the controls. Packing was further no indication of potassium release except maybe 404 

during the formation of hydroperoxides upon post-incubation. The largest changes in GP were observed 405 

only for conditions with post-incubation, and only in membranes containing polyunsaturated lipids. This 406 

implies that certain oxygen addition products strongly alter packing, or the polarity in the vicinity of the 407 

fluorophores. Hydroperoxides are supposed to point their hydrophilic peroxyl group to the membrane 408 

interphase which could alter polarity and packing in the vicinity of the probes (17). The observed 409 

changes merit further attention since the use of these probes in more complex membranes might be 410 

useful to detect the formation of specific oxidation products.  411 

The release of oxidized lipids from the membrane could have potential impacts in vivo for multiple 412 

organisms. During situations of oxidative stress in humans, OxPCs could act as signaling molecules for 413 

other distant cells similar to cytokines such as prostaglandins, which are derived from arachidonic acid. 414 

This might especially be true for hydroperoxides that have shown to induce processes such as 415 

ferroptosis (57). 416 

  417 

Our observations provide useful insights on how RONS interact directly with cell membranes. This 418 

information is especially useful to predict effects on phagocytosed microorganisms which are subjected 419 

to large amounts of RONS produced during the oxidative burst. Since already small amounts of oxidized 420 

lipids seem to have an effect on membrane permeability, and especially toward ions which usually 421 

maintain the membrane potential, it is foreseeable that ATP production through F-ATPases is 422 

compromised because it predominantly relies on the membrane potential component of the proton 423 

motive force (58). Lipid oxidation might thus be a very effective way on compromising microorganisms. 424 

This principle is used by CAP which is undergoing many clinical trials on its effectivity on bacterial 425 

infections (59–61). CAP is further used in clinical trials for especially head and neck cancers (62, 63). 426 

Lipid oxidation could here also play an important role, not only in changing biophysical properties of the 427 

membrane but also in producing “signaling” lipid oxides as discussed before. 428 

All in all, we concluded that there exist probably at least two permeabilization mechanisms in oxidized 429 

membranes and that these mechanisms have different dependencies regarding lipid unsaturations, acyl 430 

chain asymmetry and incubation periods.  431 

Materials and methods 432 

Chemicals and reagents 433 

Argon (purity 5.0) was ordered from Linde plc (IRE). 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine 434 

(POPC, PC(16:0/18:1), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, PC(18:1/18:1), 1-palmitoyl-435 

2-linoleoyl-sn-glycero-3-phosphocholine (PLPC, PC(16:0/18:2), 1,2-dilinoleoyl-sn-glycero-3-436 

phosphocholine (DLPC, PC(18:2/18:2),  1-palmitoyl-2-(9'-oxo-nonanoyl)-sn-glycero-3-phosphocholine 437 

(PC(16:0/9:0<CHO@C9>)@C9, ALDO PC ) and 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine 438 

(PC(16:0/9:0<COOH@C9>), PAze PC) were purchased from Avanti Polar Lipids (USA). Sodium 439 

terephthalate (TA), 2-hydroxyterephthalate (2-HTA) and 4-(N,N-Dimethylaminosulfonyl)-7-(2-440 

aminoethylamino)-2,1,3-benzoxadiazole (DBD-ED) were obtained from TCI EUROPE N.V. (NL). 13(S)-441 

Hydroperoxyoctadeca-9Z,11E-dienoic acid (13-HPODE) was purchased from Cayman Chemical. 2,4-442 
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Dinitrophenylhydrazine (DNPH, ≥98%) was ordered from Acros Organics (NL). Di-4-ANEPPDHQ was 443 

ordered from Thermo Fisher Scientific Inc. Triphenylphosphine (TPP), 1-(6-(dimethylamino) 444 

naphthalen-2-yl) dodecan-1-one (Laurdan), Xylenol Orange tetrasodium salt, Ampliflu™ Red (10-445 

Acetyl-3,7-dihydroxyphenoxazine), horseradish peroxidase, Valeraldehyde-2,4-DNPH and 2,2’-446 

dipyridyl disulfide (DPDS) were all ordered from Merck (USA). For all preparations, ultrapure water 447 

(Milli-Q-H2O) is used at 18.2 MΩ.cm. 448 

Plasma source 449 

For our experiments, we used the kINPen® IND plasma pen as RONS source (Fig. 1A). Inside the 450 

plasma jet a high electric voltage (2-3 kV) is generated by a high frequency generator (1 MHz) 451 

connected to a steel electrode inside a ceramic capillary (47). The vector gas argon flows through the 452 

capillary and the high frequency discharge converts the vector gas into a cold plasma. Argon was used 453 

at a flow rate of 4.2 standard liters per minute (slm) and the plasma source operated in the burst mode 454 

which adds a square kHz wave (on-off) on top of the MHz frequency to reduce the production of heat, 455 

keeping the plasma at a temperature of ~40 ºC. To provide stable and reproducible plasma treatments, 456 

the plasma source was switched on at least 20 minutes before treatment. The treated sample was at a 457 

20º angle to induce constant agitation of the liposome suspension caused by the high vector gas flow. 458 

Therefore, the plasma plume generated was not in direct contact with the liposome suspension (Fig. 459 

1A).  460 

Quantification of OH• radical and H2O2 produced from CAP 461 

Production of OH• radical was quantified with terephthalate (TA) that is transformed into 2-462 

hydroxyterephthalate (2-HTA) upon reaction with hydroxyl radicals (64). Specifically, 4 mM of TA was 463 

added in 1 ml of PBS buffer in glass beaker, and it was placed under plasma plume as indicated in Fig. 464 

1a. After treatment, certain amount of Milli-Q-H2O was added back to compensate water loss during 465 

the treatment. 2-HTA was used to make a calibration curve which concentration ranged from 0 to 100 466 

μM. Excitation and emission wavelength at 310 nm and 430 nm, respectively, were used to determine 467 

the fluorescence of 2-HTA (CLARIOstar reader, BMG LABTECH).  468 

Production of H2O2 from CAP was determined with Ampliflu™ Red (64). Specifically, 1 ml of PBS 469 

buffer was treated with CAP for different time first, and afterwards, 2 μM of Ampliflu™ Red and 0.1 U/ml 470 

of horseradish peroxidase (HRP) were added into the treated PBS. Commercial H2O2 (Honnywell, 30 % 471 

(w/w) in H2O) was used to make the calibration curve. The incubation was kept at room temperature for 472 

20 minutes. Excitation and emission wavelength at 563 nm and 587 nm were used to determine the 473 

fluorescence of resorufin (oxidized product of Ampliflu™ Red by H2O2) CLARIOstar reader (BMG 474 

LABTECH). Quantities of RONS described in this manuscript reflect cumulative quantities. 475 

Preparation of LUVs 476 

Lipid stock of PC(16:0/18:1), PC(18:1/18:1), PC(16:0/18:2), PC(18:2/18:2) and oxidized lipids, including 477 

PC(16:0/9:0<CHO@C9>) and PC(16:0/9:0<COOH@C9>) solutions were prepared in chloroform. A 478 

certain amount of each lipid stock solution was transferred to glass tubes and dried under N2 stream at 479 

room temperature. The solvent was further evaporated by placing the sample in a vacuum desiccator 480 

for at least 1 hour. The so formed lipid film was hydrated with 400 mM KCl solution above transition 481 

temperature of each individual lipid for around 30 minutes. The lipid suspension was then freeze-thawed 482 
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for at least 10 cycles in dry ice (mixed with ethanol) and a warm water bath (around room temperature). 483 

Afterwards, the suspension was 10 times extruded by an Avanti Mini-Extruder with filters of 200 nm 484 

porosity (Anotop 10, Whatman, Maidstone, U.K). The formed LUVs were directly used or stored at 4 °C 485 

temporarily (maximum 2 days). 486 

Potassium (K+) release assay  487 

To test permeabilization of membranes by RONS, we created LUVs that contained 400 mM of KCl in 488 

their lumen. For this purpose, the lipid film created in ‘preparation of LUV’ was hydrated with 400 mM 489 

KCl solution and the formation of LUVs proceeded as described. The formed LUVs were subjected to 490 

size exclusion chromatography to remove K+ ions outside the LUVs. Specifically, Sephadex® G-50 fine 491 

(Sigma Aldrich) gel was hydrated with 400 mM NaCl solution for 2-3 hours before being transferred 492 

onto a column of 6 ml. This column was further centrifuged for 2 minutes at 2000 g to remove the water 493 

excess and 500 μl of the LUV suspension was slowly added on the top center of the column. The 494 

column was then centrifuged at 2000 g for 2 minutes and the eluate contained the LUVs with a minimal 495 

amount of K+ ions outside the LUVs. The concentration of phospholipids was then determined by 496 

phosphorous quantification (65, 66).  497 

 498 

The collected LUVs were diluted in PBS buffer (Na2HPO4/NaH2PO4, 50 mM, NaCl 334.8 mM, pH=7.4), 499 

having the same osmolarity as the KCl solution inside the lumen (Fig. S2), to a final concentration of 500 

0.5 mM phospholipids for CAP treatment. One milliliter of each vesicle suspension was treated with 501 

CAP for 10, 20 and 40 minutes. After treatment, 400 μl of this suspension were used to quantify the 502 

total amount of K+ inside and outside the vesicles while another 500 μl were centrifuged with 30 kDa 503 

Amicon® Ultra-0.5 Centrifugal Filter for 20 minutes at 14,000 g to separate LUVs from the released K+ 504 

(filtrate). The percentage of the released [K+] in the filtrate upon the total [K+] was then determined by 505 

atomic absorption spectroscopy (AAS).  506 

 507 

To quantify K+ by AAS, all samples were first dried at 160-180 °C and 100 µl of 70 % perchloric acid 508 

(HClO4) was added into each sample which was further mineralized at 160-180 °C for 3 hours. 509 

Subsequently, 4.8 ml of water and 100 µl of 25 % ammonia solution were added to neutralize each 510 

sample (final volume was 5 ml). The blanks for AAS consisted of PBS buffer which was subjected to all 511 

operations described for the samples.  512 

 513 

A calibration curve was made with stock KCl solution, and its concentration ranged from 0 to 2.5 µg/ml. 514 

To account for possible interference from HClO4 and ammonia, we added the same amount of HClO4 515 

and ammonia to each concentration of the calibration curve. The concentration of potassium was 516 

determined by Analytik Jena ZEEnit 700 P AAS Atomic Absorption Spectrometer at 766.4908 nm.  517 

 518 

To determine permeabilization kinetics, we fitted K+-release upon time to an exponential plateau model 519 

𝐾𝑟𝑒𝑙𝑒𝑎𝑠𝑒
+ (𝑡) = 100 − (100 − 𝐾𝑟𝑒𝑙𝑒𝑎𝑠𝑒

+ [𝑡 = 0]) ∗ 𝑒𝑥𝑝⁡(−𝑘 ∗ 𝑡), in which k equals the release rate (min-1) and 520 

𝑡 is the treatment time. 𝐾𝑟𝑒𝑙𝑒𝑎𝑠𝑒
+ (𝑡) is the percentage of K+ at a certain timepoint t while 𝐾𝑟𝑒𝑙𝑒𝑎𝑠𝑒

+ [𝑡 = 0] 521 

indicates the percentage of K+ release at t=0, respectively. Here, 100 indicates that the maximum 522 

possible release percentage is 100 %. 523 
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Membrane packing quantification 524 

All LUVs were made in 400 mM KCl solution and further diluted in PBS buffer to 0.5 mM phospholipids 525 

for CAP treatment. All stock solutions of fluorescent probes were prepared in ethanol and further diluted 526 

in PBS buffer. The fluorescence intensity was measured with the CLARIOstar reader (BMG LABTECH) 527 

in 96-well plates (Nunc black). 528 

 529 

For Laurdan staining, the final concentrations for LUV and probe were 50 µM and 250 nM respectively. 530 

The staining process was conducted at 25 °C in the dark for 20 minutes directly after CAP treatment or 531 

20 h post incubation. The excitation wavelength was 360 nm and emission intensity was scanned from 532 

400 nm to 600 nm. The generalized polarization (GP) value was calculated from the equation GP=(I440-533 

I490)/(I440+I490), where I440 and I490 indicate the fluorescence intensity at 440 nm and 490 nm, respectively 534 

(67). 535 

 536 

For di-4-ANEPPDHQ staining, the final concentrations for LUV and probe were 50 µM and 250 nM 537 

respectively. The staining process was conducted at 25 °C in the dark for 5 minutes directly after CAP 538 

treatment or 20 h post incubation. The excitation wavelength was 488 nm and an emission scan was 539 

obtained from 520 nm to 740 nm. The generalized polarization (GP) value was calculated from the 540 

equation GP=(I560-I620)/(I560+I620), where I560 and I620 correspond to the fluorescence intensity at 560 and 541 

620 nm, respectively (68). 542 

Lipid extraction 543 

For the biochemical analysis of oxidized lipids, all samples were extracted with an improved method 544 

based on Bligh & Dyer extraction method (69). Specifically, 1 ml of each LUV suspension was 545 

transferred into glass test tubes, and 3.4 ml of Bligh & Dyer solvent mixture (chloroform/methanol/1 M 546 

HCl, v/v/v, 10:23:1) was added to each tube. All samples were vortexed for 1 minute and placed on ice 547 

for 10 minutes. One milliliter of chloroform and 1 ml HCl (1 M) were added to each sample. All samples 548 

were revortexed for 1 minute and incubated on ice for another 10 minutes. Then, all samples were 549 

centrifuged for 5 minutes at 2000 g and 4 °C. The chloroform phase of each sample was taken out and 550 

transferred into new glass tubes. One milliliter of chloroform was added to wash the remaining 551 

water/methanol phase. Samples were then vortexed, and centrifuged for 5 minutes at 2000 g and 4 °C. 552 

The first and second chloroform phases were combined and 1 ml wash buffer (50 mM Tris, 100 mM 553 

NaCl, 100 mM EDTA, pH 8.2) was added before the samples were revortexed and recentrifuged in the 554 

same conditions as before. The chloroform phase was transferred to a new glass test tube and the 555 

remaining water phase was washed again with 1 ml chloroform. Finally, both chloroform phases were 556 

combined, before adding 400 µl of isopropanol (IPA) and drying the mixture under N2 gas at ambient 557 

temperature. Hereafter, the lipid extracts were dissolved into 500 µl of methanol and extraction 558 

efficiency was determined by phosphorous assay.  559 

Analysis with HPLC/DAD-UV-vis/MS  560 

A Thermo Finnigan Surveyor system was used for the analysis. A reversed phase C18 column (Gemini 561 

NX-C18 150 x 2 mm x 5 µm, 110 Å; Phenomenex), with a precolumn (Security Guard Gemini-NX 562 
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4x3mm ID; Phenomenex) was used to analyze the samples and standards at a flow rate of 200 µl/min. 563 

Two solvents were used for a gradient separation. Solvent A is 5 mM ammonium acetate in Milli-Q-H2O: 564 

isopropanol (v/v, 75:25) at pH 5.5 and solvent B is isopropanol (HPLC grade). 565 

 566 

HPLC was coupled to a DAD-UV-vis (Thermo Finnigan Surveyor PDA Detector) and an ESI 567 

(electrospray) ion source coupled to an ion trap analyzer (LCQ Deca XP plus LC-(ESI)-MS/DAD). This 568 

combined detection allowed us to quantify and identify certain oxidized lipids (see hydroperoxides, and 569 

lipid aldehydes and ketones).  570 

 571 

All sample and standard vials were kept at 10 °C in the HPLC sample holder. Fifty microliter of each 572 

sample or standard, together with 50 µl methanol to fill the rest of the injection loop, was injected into 573 

the LC-MS.  574 

Separation of lipid extracts after CAP treatment by HPLC 575 

Hundred microliter (around 100 nmole) of each lipid extract in methanol was dried with nitrogen stream 576 

and redissolved into 200 µl acetonitrile/H2O (v/v, 50:50) by vortexing.  577 

 578 

The gradient of mobile phase started at 10 % of solvent B, which was held for 4 minutes. This was 579 

followed by an increase of solvent B to 25 % over 2 minutes. From 10 to 18 minutes the mobile phase 580 

was held at 40 % solvent B. In the following 2 minutes the percentage of solvent B was increased to 581 

50 %, at which percentage it was held for 6 minutes. Hereafter the solvent B is increased to 60 % in 1.5 582 

minutes. From 29 to 38 minutes the solvent is held at 72 % of solvent B. In the following 2 minutes, 583 

solvent B was increased to 100 % and was held at this percentage for 3 minutes. Finally, solvent B was 584 

held on 10 % from 46 to 55 minutes to saturate the column for the next analysis.  585 

Quantification of hydroperoxides  586 

13-HPODE ((±)13-hydroperoxy-9Z,11E-octadecadienoic acid) was used as a standard to quantify the 587 

lipid hydroperoxides formed in polyunsaturated lipid extracts. Stock 13-HPODE was kept in ethanol 588 

(stored at −80 °C), and further diluted in isopropanol to make a series concentrations ranging from 2.5 589 

to 75 µM. The gradient of mobile phase for standards started at 10 % of solvent B, which was held for 590 

3 minutes. From 6 to 10 minutes the mobile phase was held at 40 % solvent B. In the following 2 minutes 591 

the percentage of solvent B was increased to 100 %, at which percentage it was held for 3 minutes. 592 

From 17 to 25 minutes solvent B was held at 10 % for the next analysis. 593 

 594 

While a UV detector at 234 nm was used to quantify the hydroperoxides derived from polyunsaturated 595 

lipids (70), mass spectrometry was used in parallel to determine their structure. The PDA detector 596 

scanned a wavelength range from 190–400 nm to discern hydroperoxides with a maximum at 234 nm 597 

from other oxidation products. Mass spectra were recorded in both the negative and positive ion mode 598 

at a range from 150–2000 m/z to identify the corresponding structures.  599 

 600 

To quantify the total amount of hydroperoxides, FOX assay was used (71). Briefly, 200 µl of FOX 601 

reagent and 20 µl of lipid extract were mixed and incubated for around 20 minutes at room temperature. 602 
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Finally, the absorbance of all samples was measured at 580 nm and H2O2 was used to make a 603 

calibration curve. 604 

Quantification of aldehydes and ketones 605 

Valeraldehyde-2,4-DNPH was used as a standard to quantify the DNPH signal. Stock valeraldehyde-606 

2,4-DNPH was dissolved in acetonitrile (stored at 4 °C) and was further diluted in acetonitrile/H2O (v/v, 607 

50:50) to make a series concentrations ranging from 0.5 to 50 µM. The gradient of mobile phase for 608 

standards started at 25 % of solvent B, which was held for 3 minutes. From 6 to 10 minutes the mobile 609 

phase was held at 40 % solvent B. In the following 2 minutes the percentage of solvent B was increased 610 

to 100 %, at which percentage it was held for 3 minutes. From 17 to 25 minutes solvent B was held at 611 

25 % for the next analysis. 612 

 613 

Derivatization of aldehydes with 2,4-dinitrophenylhydrazine (DNPH) in combination with HPLC-DAD-614 

MS was used to quantify their production. Specifically, 12 mM of stock DNPH reagent was made by 615 

dissolving DNPH in acetonitrile in presence of 2 % formic acid (72). Hundred microliters of lipid extract 616 

(around 100 nmole) were dried under N2 stream before 100 µl of stock DNPH reagent and 100 µl of 617 

water were added. All samples were rigorously vortexed and kept at room temperature in the dark for 618 

2 hours. Hereafter the samples were transferred to autosampler vials for LC-MS analysis. 619 

Valeraldehyde-2,4-DNPH (Sigma Aldrich) was used as standard to make a calibration. Limit of detection 620 

(LOD) and limit of quantification (LOQ) were determined by the standard curve (Table S2). We 621 

derivatized a known amount of 16:0-9:0 (ALDO) PC (1-palmitoyl-2-(9'-oxo-nonanoyl)-sn-glycero-3-622 

phosphocholine) to evaluate the reaction efficiency. Combining mass detection (m/z) and UV 623 

absorbance at 364 nm permitted to identify and quantify derivatized lipid aldehydes.  624 

Quantification of lipid carboxylic acids 625 

Derivatization of carboxylic acids was done with 4-(N,N-Dimethylaminosulfonyl)-7-(2-626 

aminoethylamino)-2,1,3-benzoxadiazole (DBD-ED) in presence of triphenylphosphine (TPP) and 2,2’-627 

dipyridyl disulfide (DPDS) to quantify their amount in treated samples (73). Specifically, stock solutions 628 

of 5 mM DBD-ED, 28 mM TPP and 28 mM DPDS were prepared in acetonitrile. Hundred microliters of 629 

lipid extract (around 100 nmole) were firstly dried and then redissolved in 50 µl isopropanol (IPA) into 630 

which 50 µl of each stock solution (DBD-ED, TPP and DPDS) was added. All samples were vigorously 631 

vortexed and incubated for 2 hours in the dark at room temperature. Afterwards, 10 µl of each sample 632 

together with the standards were spotted on a normal phase silica TLC plate using the CAMAG® 633 

Linomat 5 (CAMAG, Wilmington, NC, USA). As external standard we used 1-palmitoyl-2-azelaoyl-sn-634 

glycero-3-phosphocholine (PC(16:0/9:0<COOH@C9>), PAzePC, from Avanti Polar Lipids) which was 635 

derivatized in the same conditions to make a calibration curve from 0.025 to 0.75 nmole. The mobile 636 

phase to develop the TLC plate was a mixture of chloroform/methanol/water/25 % ammonia (v/v/v/v, 637 

30:20:2:1). The image of the TLC plate was scanned with the GelDoc Go Imaging System (Bio-Rad) 638 

UV tray using the program for SYBR® Green stain. Limit of detection (LOD) and limit of quantification 639 

(LOQ) were determined by the standard curve (Table S2). 640 
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Semi-quantitative determination of oxidized lipids with various 641 

oxygen atoms  642 

In addition to the fully quantitative analyses described above, we used a semi-quantitative method to 643 

determine oxidized lipids with different numbers of oxygen atoms such as hydroxyls or ketones. A full 644 

quantitative approach of these substances is difficult because of missing standards for the huge variety 645 

of oxidized lipids. The relative amount of oxidized lipids was expressed as the percentage of the 646 

corresponding peak area upon the peak area of the original lipid (corresponding host lipid that was not 647 

oxidized in the same sample). MS analysis was done in the negative ionization mode  (74). We used 648 

the LPPtiger nomenclature in this manuscript and especially the supplemental material to avoid 649 

confusion of oxidized species (75).  650 

Surface tension determination with pendant drop tensiometry 651 

Surface tension of PBS buffer with or without LUVs was determined. For PBS with LUVs, all LUVs were 652 

made in 400 mM KCl solution and further diluted in PBS buffer to a final concentration at 0.5 mM before 653 

being treated by CAP for 40 min. LUVs without any treatment were used as negative controls. The 654 

positive controls were made by adding 0.1 % Triton-X100 to the LUV suspension. For PBS without 655 

LUVs, PBS buffer alone was treated with CAP for 40 min. PBS buffer without any treatment was used 656 

as PBS control. Positive control was obtained by adding 0.1 % Triton-X100 to PBS buffer. Surface 657 

tension of direct effects was determined directly after treatment, and 20 h post-incubation effects 658 

indicated the surface tension was determined after 20 h (at room temperature) after being treated by 659 

40 min CAP or 0.1 % Triton-X100. 660 

 661 

Measurements of interfacial tension between air and liquid were carried out using a pendant drop 662 

tensiometer (DataPhysics OCA) by fitting the droplet shape with the Young–Laplace equation. The 663 

liquid drop was dispensed with a 1 ml syringe together with an OKI TE needle 20 GA (METCAL).  664 

Dynamic light scattering (DLS) analysis 665 

LUV sizes and distribution were analyzed by dynamic light scattering (DLS) with a Malvern Zetasizer 666 

Nano-ZS at an angle of 173° for backscattering detection. All measurements were conducted at 25 °C.  667 

Statistical analysis and principal component analysis (PCA) 668 

Statistical analyses were performed using GraphPad Prism version 9.3.1. Data was obtained from at 669 

least two independent experiments (n=2) and multiple repeats unless stated. The comparative statistical 670 

analysis between conditions were carried out using One-way ANOVA and Two-way ANOVA 671 

comparison tests. Principal component analysis was done in Rstudio (2022.07.01, build 554) with R (v. 672 

4.2.1.) using the ggbiplot plugin.  673 

Supplemental information 674 

Supplemental information includes six figures, two tables and four excel files. 675 
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Figure Legends 884 

Fig. 1 Plasma setup and lipids used in this study. (a) The plasma source of kINPen® IND. One ml of LUV 885 

suspension is treated with plasma at a distance of 2 cm to prevent that the plume touches the suspension. The 886 

vector gas stream agitates the suspension evenly during treatment. Milli-Q-H2O is added into the suspension via a 887 

water pump during treatment to compensate for volume loss due to water evaporation. (b) Chemical structure of 888 

phosphocholine lipids. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC(16:0/18:1)), 1,2-dioleoyl-sn-glycero-889 

3-phosphocholine (PC(18:1/18:1)), 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine (PC(16:0/18:2)) and 1,2-890 

dilinoleoyl-sn-glycero-3-phosphocholine (PC(18:2/18:2)). 891 

 892 

Fig 2 Permeabilization kinetics, characterized via potassium (K+) release, are drastically altered upon post-893 

incubation.  K+ release in percent of LUVs made with PC(16:0/18:1) (red circles), PC(18:1/18:1) (green squares), 894 

PC(16:0/18:2) (purple diamonds) and PC(18:2/18:2) (blue triangles) induced by CAP after (a) direct treatment and  895 

(b) 20 h post-incubation. (c) Rate constant (k) of membrane permeabilization according to an exponential plateau 896 

model described in materials and methods. One-way ANOVA analysis was used to compare k-values between 897 

direct effects and 20 h post effects for all LUVs respectively. The curves represent an average from at least two 898 

independent experiments done in triplicate (n≥6, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 899 

 900 

Fig 3 Laurdan (a) and di-4-ANEPPDHQ Generalized polarization (GP) (b) are altered differently upon CAP 901 

treatment while largest changes are observed in polyunsaturated lipids upon 20h post-incubation. Effect 902 

on GP upon direct CAP treatment (dotted darker line) and 20 h post-incubation (dashed lighter line) in different 903 

LUV suspensions. Two-way ANOVA analysis was used to compare the differences in GP after treatment towards 904 

the corresponding negative controls. The GP values were from the average of at least two independent experiments, 905 

done in triplicates (n≥6, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 906 

 907 

Fig 4 Production of oxidized products in LUVs containing lipids with different degrees of unsaturations, 908 

induced by CAP directly after treatment (dotted line) and 20 h post-incubation (dashed line) expressed as 909 

percentage of total phospholipids. (a) Total amount of hydroperoxide functional groups, (b) total amount of 910 

aldehyde and ketone functional groups and (c) total amount of carboxylic acid functional groups as a percentage 911 

of total phospholipids. The total amount of hydroperoxide functional groups were determined by FOX assay (see 912 

materials and methods). Two-way ANOVA analysis was used to compare the difference between CAP treated 913 

samples and corresponding negative control for both direct treatment and 20 h post-incubation respectively. At 914 

least two independent experiments in duplicate were performed for each assay (n≥4, *p<0.05, **p<0.01, ***p<0.001, 915 

****p<0.0001).   916 

 917 

Fig 5 Production and diversity of individual lipid hydroperoxides and lipid aldehydes and/or ketones 918 

induced by CAP. Production and diversity of lipid hydroperoxides in (a) PC(16:0/18:2) and (b) PC(18:2/18:2) LUVs 919 

induced by CAP after direct treatment and 20 h post-incubation. Distribution of oxidatively truncated lipid aldehydes 920 
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and ketones (ALDO + Ketone oxbreaks), ketone oxygen addition products (ketone adducts) or DNPH signal 921 

originating from peaks that contain both type of products (unseparated) out of total DNPH signal in (c) 922 

PC(16:0/18:1), (d) PC(18:1/18:1), (e) PC(16:0/18:2) and (f) PC (18:2/18:2) directly after CAP treatment and 20 h 923 

post-incubation. The proposed structures of lipid aldehydes and ketones are presented in supplementary files 924 

(Table S1-S4). Two-way ANOVA analysis was used to compare the difference between CAP treated samples and 925 

corresponding negative control for both direct treatment and 20 h post-incubation respectively. At least two 926 

independent experiments were performed in duplicate for the quantification hydroperoxides, aldehydes and/or 927 

ketones (n≥4, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).   928 

 929 

Fig 6 Interfacial tension determination with pendant drop tensiometry. (a) Interfacial tension of PBS buffer 930 

containing LUVs either directly after CAP treatment or after 20 h post-incubation. 0.1 % Triton was used to make 931 

positive controls. (b) Proposed process of interfacial tension reduction induced by OxPCs in all above LUVs. Since 932 

PC lipids tend to form lipid bilayers, in negative control (LUV Ctrl), there are no free lipids in solution or micelles 933 

formation upon the time scale of the experiment. When a certain amount of OxPCs is formed, some OxPCs are 934 

released from lipid bilayers due to the increased hydrophilicity. Afterwards, those released OxPCs adsorb at the 935 

buffer-air interface, resulting in a reduction of surface tension. Two independent experiments were performed for 936 

interfacial tension measurements and averages are displayed in the curves.  937 

 938 

Fig.7 PCA analysis of average membrane properties in parallel to the formation of specific OxLipids and 939 

changes of biophysical membrane properties and surface tension (brown arrows). (a) Untreated (red group) 940 

vs. 40 min CAP treatment (blue group), and (b) 40 min CAP treatment without (red group) vs. with 20 h post-941 

incubation (blue group). Modifications of properties from individual LUV samples are highlighted by green (mono-942 

unsaturated lipids) and purple arrows (poly-unsaturated lipids).  943 

 944 

Fig S1 Cumulative quantities of (a) hydroxyl radicals (OH•) and (b) hydrogen peroxides (H2O2) after direct 945 

CAP treatment At least two independent experiments were performed in triplicate (n≥6) in PBS buffer at pH 7.4.  946 

 947 

Fig S2 CAP treatment does not influence osmolarity and pH of PBS buffer. (a) Osmolarity of PBS buffer (PBS 948 

Ctrl) and KCl solution before (Ctrl) and after 40 min CAP treatment (CAP 40 min) and (b) pH measurement after 949 

40 min CAP. PBS Ctrl indicate PBS buffer (Na2HPO4/NaH2PO4, 50 mM, NaCl 334.8 mM, pH=7.4) without any 950 

treatment. 400 mM KCl was used to hydrate lipid films. CAP 40 min indicates PBS buffer was treated with CAP for 951 

40 min. 952 

 953 

Fig S3 Production of total amount of hydroperoxides as a percentage of total phospholipids via LC-MS/UV. 954 

At least two independent experiments in duplicates were performed (n≥4, ***p<0.001, ****p<0.0001). 955 

 956 
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Fig S4 Relative quantities of OxPCs expressed as arbitrary peak ratio towards the original lipid peak in 957 

LUVs made of (a) PC(16:0/18:1), (b) PC(18:1/18:1), (c) PC(16:0/18:2) and (d) PC(18:2/18:2) induced by CAP 958 

directly after treatment and 20 h post-incubation. 2×O* indicates formation of hydroperoxides and 2×O indicates 959 

formation of two 2×alcohol groups or 2 ketones. At least two independent experiments in duplicates (n≥4) were 960 

performed for semi-quantification of OxPCs.  961 

 962 

Fig S5 Interfacial tension determination with pendant drop tensiometry. (a) Surface tension of PBS buffer 963 

alone induced by CAP and Triton-X 100 after direct treatment and 20 h post-incubation respectively. (b) Surface 964 

tension of PBS with or without addition of PC(16:0/18:1), PC(16:0/9:0<CHO@C9>) or PC(16:0/9:0<COOH@C9>) 965 

lipids from an ethanol stock solutions at indicated concentrations. Two independent experiments were performed 966 

for interfacial tension measurements. 967 

 968 

Fig S6 DLS analysis. Intensity size distribution (%) of LUVs made with (a) PC(16:0/18:1), (b) PC(18:1/18:1), (c) 969 

PC(16:0/18:2) and (d) PC(18:2/18:2) after direct CAP treatment and 20 h post-incubation respectively. The intensity 970 

(%) size distribution indicates the relative intensity of light scattered by the LUVs in various size classes. Table 971 

shows the average size of main peak from 6 measurements and the standard derivations.  972 

 973 

Table S1 Calculated partitioning coefficients (octanol/water, ClogP) of an original phospholipid and its 974 

oxidized counterparts. ClogP calculated by Chem Draw® Professional (version 19.1.0.8).  975 

 976 

Table S2 Limit of detection (LOD) and limit of quantification (LOQ) of valeraldehyde-2,4-DNPH (Val-DNPH) 977 

and DBD-ED derivatized PC(16:0/9:0<COOH@C9>) (DBD-ED-COOH@C9) by LC-MS/UV and TLC analysis 978 

respectively. LOD and LOQ were calculated with GraphPad Prism version 9.3.1. based on calibration curves.  979 Jo
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