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In mayonnaise, lipid and protein oxidation are closely related and the interplay between them is critical for understanding the

chemical shelf-life stability of mayonnaise. This is in particular the case for comprehending the role of low-density lipoprotein

(LDL) particles as a main emulsifier. Here, we monitored oxidation and the concomitant aggregation of LDLs by bright field

light microscopy and cryogenic transmission electron microscopy. We further probed the formation of protein radicals and

protein oxidation by imaging the accumulation of a water-soluble fluorescent spintrap and protein autofluorescence. The effect

of variation of pH and addition of EDTA on accumulation of spintraps validated that protein radicals were induced by lipid

radicals. We observed protein radical formation at both the oil/water droplet interface and in the continuous phase. Our data

suggests two main pathways of oxidative protein radical formation in LDL particles: at the droplet interface, induced by lipid

free radicals formed in oil droplets, and in the continuous phase induced by an independent LDL-specific mechanism.
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Introduction1

Mayonnaise derives its structural stability from egg yolk con-2

taining protein and lipid emulsifiers that reside at the oil/water3

droplet interface (Anton, 2013). The use of egg yolk as an emul-4

sifier however also introduces strong pro-oxidants. Preventing5

oxidation of the oil phase and the proteins in mayonnaise6

has been a long-standing challenge, as oxidation can lead to7

reaction products that decrease physical stability, nutritional8

and sensorial value thereby limiting shelf-life (Berton-Carabin9

et al., 2014). Mayonnaise is formulated with vegetable oil,10

vinegar and egg yolk which contains phosvitin and low-density11

lipoprotein (LDL) particles that have a diameter of 40 ± 2012

nm (Anton et al., 2003; Anton, 2013). LDL particles feature13

a core-shell structure where a core of triglycerides cholesteryl14

esters is surrounded by a monolayer of phospholipids and15

apolipoproteins. During the emulsification of mayonnaise,16

LDL particles can release phospholipids and apolipoproteins17

that together with phosvitin adsorb at the oil/water droplet18

interface. LDLs can also remain structurally intact and form19

granules present in the continuous phase or adsorbed at the20

oil/water interface depending on mechanical treatments and21

conditions (Anton et al., 2003; Mizutani and Nakamura, 1985;22

Sirvente et al., 2007).23

Lipid oxidation in mayonnaise is mediated by free radical24

chain reactions (Schaich, 2012) and catalysed by the presence25

of metal ions such as iron introduced via phosvitin (Berton-26

Carabin et al., 2014). Reactions between alkyl radicals (L·)27

and molecular oxygen generate peroxyl radicals (LOO·), which 28

further accelerate lipid peroxidation by reacting with unsat- 29

urated lipids. Whereas at neutral pH pro-oxidant iron ions 30

are strongly bound to the negatively charged phosvitin, a 31

weaker binding at the acidic pH of mayonnaise makes them 32

available as catalysts for lipid oxidation (Merkx et al., 2019). 33

Therefore, ethylenediaminetetraacetic acid (EDTA) is often 34

added to mayonnaise to bind free metal ions via chelation 35

and thus reduces the formation of lipid peroxidation (LPO) 36

products (Lee and Decker, 2011; Nielsen et al., 2004). In 37

food emulsions, protein emulsifiers are known to react with 38

free radicals formed via lipid oxidation thus acting as antioxi- 39

dants via scavenging free radicals (Berton-Carabin et al., 2014; 40

Schaich, 2008; Schaich and Karel, 1976; Wang et al., 2020; 41

Berton et al., 2012). Emulsions stabilized by whey proteins, 42

for example, showed better oxidation stability than emulsions 43

stabilised by the surfactant Tween (Zhu et al., 2018). It has 44

therefore been argued that due to their proximity to lipid 45

radicals generated in the droplet phase, proteins adsorbed at 46

the oil/water interface can function as effective antioxidants. 47

In mayonnaise, proteins that originate from LDL particles 48

are either present at the oil/water droplet interface, as in- 49

dividual particles in the continuous phase, or aggregated in 50

granules (Anton, 2013). Apoproteins from LDL particles can 51

specifically act as emulsifiers at droplet interfaces within may- 52
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onnaise. In both intact LDLs and in dispersed form at droplet53

interfaces apoproteins can engage in oxidation reactions. The54

potential role of these particles in protein and lipid oxidation55

processes occurring in mayonnaise has been largely overlooked.56

Human plasma model systems have been used to study oxi-57

dation and aggregation of LDLs using bright field microscopy58

and transmission electron microscopy (TEM) (Xu and Lin,59

2001). By means of UV/VIS and fluorescence spectroscopy,60

protein oxidation of LDL was investigated showing that the61

fluorescence intensity increased in the 430 nm emission range62

after auto-oxidation (Koller et al., 1986; Pinchuk and Licht-63

enberg, 1999, 2002). We hypothesize that the proteins from64

LDL particles can scavenge lipid radicals, not only in intact65

particles, but also in dispersed form at the droplet interfaces.66

Here, we study oxidation in mayonnaise focusing on the67

structural aspects such as LDL aggregation and on localisation68

of protein free radicals at the oil/water droplet interface and in69

the continuous phase. Cryo-transmission electron microscopy70

(cryo-TEM) was used to observe LDL particles at the nanome-71

tre scale and we used plunge vitrification of LDLs present72

in the continuous phase isolated from mayonnaise to study73

oxidation in a time resolved manner. We further studied the74

impact of oxidation using optical bright field light microscopy75

which provides micro scale information allowing to identify76

aggregation of LDLs upon oxidation. Similar to biomedical77

approaches allowing to localise free radicals in vivo via fluores-78

cent spin trapping adducts (Mason, 2016; Towner et al., 2012;79

Mason and Ganini, 2019), we developed a fluorescent spin-80

trap CAMPO-AFDye 647 composed of the fluorophore AFDye81

647 and CAMPO, a derivative of the water soluble spintrap82

DMPO. We monitored oxidation in dilute (26% (w/w) oil con-83

centration) mayonnaises and demonstrate the co-localisation of84

autofluorescence from oxidised proteins and CAMPO-AFDye85

647 fluorescence from protein free radical spin adducts.86

Materials and Methods87

Materials. 2-((1E,3E)-5-((E)-3,3-dimethyl-5-sulfo-1-(3-88

sulfopropyl)indolin-2-ylidene)penta-1,3-dien-1-yl)-3-methyl-89

1-(6-((4-(2-methyl-1-oxido-3,4-dihydro-2H-pyrrole-2-90

carboxamido)butyl)amino)-6-oxohexyl)-3-(4-sulfobutyl)-91

3H-indol-1-ium-5-sulfonate (CAMPO-AFDye 647) and92

CAMPO-Au nanoparticles (CAMPO-AuNPs) were synthe-93

sized by SyMO-Chem B.V. (Eindhoven, the Netherlands).94

Reference AuNPs without CAMPO functionalization were95

obtained from AURION (Wageningen, the Netherlands).96

In the Appendix the molecular structures of these agents97

are shown (see Supplementary Fig. S1). Sodium chloride98

(>99.5%, EMSURE®) and Rhodamine B were purchased99

from Sigma-Aldrich. Spirit white vinegar (4%), soybean oil100

and egg yolk containing 8% NaCl were purchased from a local101

store. Alumina powder (Alumina N-Super I) was obtained102

from MP EcoChrom™. EDTA (Ethylenediaminetetraacetic103

acid disodium salt dihydrate) was purchased from Merck.104

Demineralized (demi) water was used for all experiments.105

Preparation of samples. Stripped soybean oil was prepared 106

using alumina powder to remove lipid-soluble anti-oxidants 107

(Berton et al., 2011). The oil was mixed with the powder at a 108

volume ratio of 2:1 in Falcon tubes and shaken for 24 h. The 109

suspension was then centrifuged at 2000×g for 20 min. The 110

oil was collected, and the same centrifugation procedure was 111

repeated to ensure complete removal of the alumina powder. 112

Stripped soybean oil was used for the co-localization experi- 113

ments of CAMPO-AFDye 647 and auto-fluorescence in dilute 114

emulsions. Unless mentioned otherwise, non-stripped soybean 115

oil was used. 116

Mayonnaise was prepared from 78% (w/w) of soybean oil, 117

5% (w/w) of egg yolk with 8% NaCl, 0.7% (w/w) of salt, 14.8% 118

(w/w) of demi water, and 1.5% (w/w) of spirit vinegar using a 119

Silverson mixer. Egg yolk, salt and demi water were premixed 120

in a 500 mL jar and mixed at 2000 rpm for 20 s. Oil was slowly 121

added and mixed at 8500 rpm for 4 minutes. Spirit vinegar 122

was added and mixed further for 2 minutes. For preparing a 123

dilute mayonnaise, we added demi-water to reach a final 26% 124

(w/w) oil concentration. Under standard conditions, the dilute 125

mayonnaise had pH 4.0. Without addition of vinegar, the pH 126

was 6.6. For samples formulated with EDTA, this ingredient 127

was added to the water phase before making the emulsions. 128

The continuous phase of the prepared mayonnaise was 129

obtained by centrifuging the fresh mayonnaise at 4000 g for 1 130

hour. The continuous phase was collected from the bottom 131

part of the Eppendorf tubes by cutting off the bottom tip. The 132

continuous phase was stored in a fridge at 4 °C until further 133

use. To accelerate the oxidation, these separated continuous 134

phases (each 100 µL in 1.5 mL Eppendorf tubes) were stored 135

at 40 °C and sampled at 0, 1, 3, and 5 days. 136

For oxidation experiments including spin traps, CAMPO- 137

AFDye 647 (MW = 1068.30 g/mol) was dissolved with 138

dimethylsulfoxide (DMSO) to prepare 0.01 g/L of CAMPO- 139

AFDye 647 stock solutions. The stock solution was added 140

to the continuous phase samples and mayonnaise to reach a 141

final concentration of 1 µM. The CAMPO-AFDye 647 spin 142

trap was added in two different ways. In the pre-addition 143

method, CAMPO-AFDye 647 was added in the continuous 144

phase/mayonnaise before oxidation. In the post-addition 145

method, CAMPO-AFDye 647 was added in the continuous 146

phase/mayonnaise after oxidation. For the post addition 147

method samples were imaged at room temperature (21 °C) 148

within one hour after incubation. For the samples used for 149

imaging of protein localisation, 1 µL of Rhodamine B stock 150

solution (10 µM) was added to 9 µL of emulsions to stain 151

proteins before measurements. 152

Light microscopy. All optical imaging was performed on a 153

home-built microscope, the miCube (Martens et al., 2019), at 154

room temperature (21 °C). For brightfield imaging, we used 155

a LED lamp in transmission mode. For the measurements 156

of CAMPO-AFDye 647 and autofluorescence from oxidised 157

proteins, we used a rescan confocal microscopy (RCM) mod- 158

ule (Confocal.nl, Amsterdam, The Netherlands) (De Luca 159
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et al., 2013) connected to the miCube. Four different lasers160

were available (405 nm, 488 nm, 561 nm, 642 nm, Omicron161

LightHub). The microscope is further equipped with a 100x162

oil immersion objective lens (Nikon TIRF 1.49NA HP SR)163

and an Andor – Zyla 4.2 PLUS sCMOS camera. The frame164

time was set to 50 ms. We used 2x2 pixel binning for a final165

image size of 1024 by 1024 pixels and an effective field of view166

of 88 × 88 µm. Images were recorded using MicroManager 2.0167

(Edelstein et al., 2014). To detect protein autofluorescence,168

samples were excited at 405 nm (12mW). For detection of169

trapped free radical adducts with CAMPO-AFDye 647, the170

samples were illuminated of 642 nm (34mW). Fluorescence171

from Rhodamine B was measured with excitation at 561 nm172

(8mW). For each measurement, 3 µL of the continuous phase173

sample was added to a well of silicon gasket (CultureWell™,174

GRACEBIO-LABS) on a cleaned cover glass.175

Sample preparation for cryo-TEM. Samples for cryo-TEM were176

prepared by applying 3 µL of the continuous phase separated177

from mayonnaise on a 200 mesh Cu grid with a R2/2 Quan-178

tifoil® carbon support film (Quantifoil MicroTools GmbH).179

An automated vitrification robot (Thermo Fisher Scientific180

Vitrobot™ Mark IV) was used to first blot and then plunge the181

samples into liquid ethane. Prior to application of the sample182

the TEM grid was glow-discharged to render the surface of183

the carbon TEM support film hydrophilic. Cryo-TEM imag-184

ing was conducted on the TU/e CryoTitan (Thermo Fisher185

Scientific) which was operated at 300 kV and is equipped with186

a Field-Emission Gun, a post-GIF 2k×2k Gatan CCD camera,187

and a post column Gatan Energy Filter (GIF). CryoTEM188

images were acquired at an electron dose rate of 3 and 6 e−
189

Å−2 s−1 with an exposure time of 1 s at magnifications of190

6500× and 24000×, respectively. The nominal defocus was191

set to -20 µm for 6500× and -5 µm for 24000×. For detailed192

imaging conditions for cryo-electron tomography (cryo-ET),193

see Supplementary Fig. S2.194

Results195

Impact of oxidation on multi-scale structure in the continuous196

phase. We first characterised the aggregation of LDL particles197

in the isolated continuous phase of mayonnaise using bright198

field light microscopy over a duration of 5 days. On day 0,199

no LDL superstructures were visible, suggesting little to no200

aggregation of LDLs. In their non-aggregated form, LDLs201

are too small to be visible using diffraction limited bright202

field imaging (Figure 1A). After 1 day, micrometre sized LDL203

superstructures become visible, which then grow to fractals204

(day 3) and fractal aggregates (day 5). This aggregation205

behaviour upon oxidation is similar to the one observed for206

LDLs superstructures from human plasma (Xu and Lin, 2001).207

Using cryo-TEM, we determined the diameter of dispersed208

LDLs to be 36 ± 6 nm on day 0 (Figure 1B, 1C, and 1D-I).209

The number (N) of particles analysed was N = 112 (see Sup-210

plementary Fig. S3). In addition, we saw aggregated LDLs211

(Figure 1D-II), liposomes characterised by a double phospho-212

lipid layer without proteins (Figure 1D-III), and spherical, low 213

contrast objects of about 200 nm in diameter (Figure 1D-IV), 214

which we tentatively assigned to very low-density lipoprotein 215

(VLDL) particles (Huopalahti et al., 2007; Evans et al., 1973). 216

After one day, we observed aggregates with a broad size 217

distribution composed of mainly LDLs and liposomes. The 218

average diameter of the longest axis was roughly 400 nm with 219

a standard deviation of 200 nm (N = 69). The structure 220

of these aggregates can be further resolved in cross sections 221

from the acquired electron tomograms (see Supplementary 222

Fig. S2). After 3 and 5 days we observed aggregates spanning 223

the entire 2 µm wide hole of the carbon film. Our cryo-TEM 224

data confirm that the superstructures seen in bright field light 225

microscopy consist of LDLs. 226

Co-localisation of protein oxidation and radical formation in 227

the continuous phase. . LDLs show autofluorescence in the ul- 228

traviolet (UV) region mainly due to tryptophan (Trp) residues 229

present in apolipoproteins. Upon oxidation of LDLs, fluores- 230

cence emission increases in the visible region due to reactions 231

between lipid peroxidation products such as aldehyde with 232

amino groups (Koller et al., 1986; Schuh et al., 1978). We 233

previously assessed protein oxidation in mayonnaise via aut- 234

ofluorescence using 488 nm excitation and detection in the 235

500–560 nm range (Yang et al., 2020). To confirm the de- 236

crease of FL in the UV region and the increase in longer 237

wavelength, we compared the autofluorescence spectrum after 238

excitation at 300 nm, 360 nm, and 405 nm (see Supplemen- 239

tary Fig. S4). The measurement shows an inverse correlation 240

between the decrease of tryptophane autofluorescence (exci- 241

tation at 300 nm) and the increase of the autofluorescence 242

signal of aldehyde-apolipoprotein adducts (excitation at 405 243

nm). Here, we excited at 405 nm to maximise the detectable 244

fluorescence emission intensity (see Supplementary Fig. S5). 245

LDL superstructures in the continuous phase showed aggrega- 246

tion over time leading to small fractals upon oxidation with 247

auto-fluorescence (see Supplementary Fig. S6). 248

To further localise protein oxidation, we deployed adducts 249

of CAMPO, derivative of the spintrap DMPO. CAMPO was ei- 250

ther labelled with AFDye 647 for fluorescence imaging or with 251

an Au nanoparticle for cryo-TEM. We first monitored the accu- 252

mulation of CAMPO-AFDye 647 fluorescence in the continuous 253

phase of mayonnaise over time. To show the co-localisation 254

between spintraps and oxidised proteins, we combined fluo- 255

rescence images from CAMPO-AFDye 647 accumulation (red 256

channel) and autofluorescence (blue channel). Two different 257

ways of adding CAMPO-AFDye 647 to the continuous phase 258

were used to see the effect of accumulation of CAMPO dur- 259

ing incubation: pre-addition (Figure 2A) and post-addition 260

(Figure 2B). 261

On day 0 of the pre-addition series, we did not observe any 262

accumulation of intensities caused by either protein autofluores- 263

cence or CAMPO-AFDye 647 fluorescence (see Supplementary 264

Fig. S7). The high intensities in the red channel indicate that 265

CAMPO-AFDye 647 is freely diffusing in the continuous phase 266
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Fig. 1. Multi-scale imaging of LDL particles aggregation in the continuous phase of mayonnaise. (A) Bright field images after incubation for 0,
1, 3, 5 days at 40 °C. Black blurry spots located in the same place of different images indicate dust on the camera, not from the sample itself.
Cryo-TEM images of the continuous phase at magnifications of 6500× (B) and 24000× (C) during the same sample incubation period. (D)
Zoom-in regions from (B) and (C) for day 0 showing I: LDL, II: aggregated LDLs, III: liposome vesicles, IV: spherical low-contrast object, VLDLs.
A nominal defocus of -20 µm and -5 µm was applied for magnifications of 6500× and 24000×, respectively. Contrast and brightness were adjusted
for visibility. Some images (D I and D IV) contain dashed outlines (magenta) of the underlying structures for visual guidance.

instead of reacting with protein free radicals. Similar to the267

bright field images seen in Figure 1A, LDL superstructures268

and aggregates form over time (Figure 2A). Further, the aut-269

ofluorescence (blue) increases and CAMPO-AFDye 647 (red)270

accumulates in the LDL aggregates. The decrease of the back-271

ground in the continuous phase is in line with CAMPO-AFDye272

647 accumulating at sites with protein radicals. After 5 days,273

CAMPO-AFDye 647 accumulation in fractal aggregates of274

LDL superstructures was observed and found to be mostly275

co-localised with autofluorescence from oxidised proteins.276

In the post-addition series (Figure 2B), we could measure277

increased autofluorescence (blue), but noticed elevated back-278

ground intensities originating from freely diffusing CAMPO- 279

AFDye 647. Over the 5 days, aggregates in the continuous 280

phase from both addition methods showed a similar extent of 281

aggregation. Figure 2C compares spectrally resolved channels 282

for samples oxidised for 5 days. Fluorescence of accumulated 283

CAMPO-AFDye 647 and protein autofluorescence are clearly 284

co-localised in the pre-addition sample whereas the signal to 285

noise ratio of CAMPO-AFDye 647 is compromised in the post- 286

addition sample due to the fluorophore still being present in 287

free solution. We note that autofluorescence signals from two 288

different addition methods showed similar intensities indicating 289

they are not influenced by CAMPO-addition. 290
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Fig. 2. Fluorescence microscopy images of continuous phases separated from mayonnaise. Images recorded zero and after one, three, and five days
are shown with the red (CAMPO-AFDye 647) and blue (autofluorescence) channels combined from re-scan confocal measurements. Intensities
are normalized in the same channel. (A, B) CAMPO-AFDye 647 was pre-added before oxidation (A) and post-added after continuing oxidation
(B). No oxidation is observable at day 0. CAMPO-AFDye 647 accumulates in the continuous phase of mayonnaise and and aggregates of LDLs
show the co-localisation of CAMPO-AFDye 647 (red) and autofluorescence (blue). (C) Zoom-in (white dashed box) from (A) and (B). Spectrally
resolved channels from samples after 5 days of oxidation.

We further investigated whether the CAMPO-Au nanopar-291

ticles (CAMPO-AuNPs) co-localise with aggregated LDLs.292

Cryo-TEM images indicate that CAMPO-AuNPs favour the293

proximity of aggregated proteins, while the control experiments294

with non-functionalised AuNPs did not show such behaviour295

(see Supplementary Fig. S8). We note that the low stock296

concentration of the CAMPO-AuNPs dispersion (AU520 ≈297

0.2) prevented us from further quantifying the localisation of298

CAMPO-AuNPs close to aggregated proteins.299

Co-localisation of protein oxidation and radical formation in300

dilute mayonnaise. The dense packing of oil droplets made301

it difficult to discern LDLs in the continuous phase and at302

the interfaces of oil droplets. The samples were therefore di-303

luted before observing protein autofluorescence and CAMPO-304

AFDye 647 accumulation. As a control, dilute (26% (w/w)305

oil concentration) mayonnaise without CAMPO-AFDye 647306

was measured (Figure 3A). As seen, the level of autofluores-307

cence at the oil/water droplet interface and in the continuous308

phase increased upon oxidation from day 0 to day 5. Im-309

ages of the red channel (CAMPO-AFDye 647) and the blue310

channel (autofluorescence) show co-localisation of accumulated311

spintraps and oxidized proteins. Already on day 0, we ob-312

served accumulation of CAMPO-AFDye 647 fluorescence at313

the oil/water droplet interface and in the continuous phase314

between droplets (Figure 3B). On day 5, we saw an increase315

in protein oxidation around and especially between droplets,316

likely representing LDL aggregates (Figure 3B). It should be317

noted that although in most cases co-localisation of CAMPO-318

AFDye 647 and auto-fluorescence was observed, few regions319

showed only CAMPO-AFDye 647 accumulation. In Figure 3 C-320

D selected regions of interest and spectrally separated images321

are shown. On day 0, only CAMPO-AFDye 647 accumulated 322

heterogeneously at the oil/water droplet interface whereas on 323

day 5, the autofluorescence signal around the droplets partially 324

co-localise with CAMPO-AFDye 647 (Figure 3C and 3D). The 325

accumulation of CAMPO-AFDye 647 at the droplet interface 326

as seen in Figure 3D occurs in micronscale domains as well as 327

a thin homogeneous halo around the droplet interface. These 328

findings suggest that the accumulation of CAMPO-AFDye 329

647 spintraps occurs in both micron-scale LDL granules and 330

protein molecules stabilizing the droplet interfaces as emulsi- 331

fiers. Both apoproteins originating from LDL particles and 332

phosvitin qualify for such a role. 333

To validate that the accumulation of CAMPO-AFDye 647 334

at droplet interfaces is due to protein free radical formation 335

induced by nearby lipid radicals, the pH of the mayonnaise 336

was varied. Under the usual acidic environment of mayonnaise, 337

phosvitin has weak affinity for ferric ions which allows them 338

to act as a catalysts for lipid oxidation at oil/water droplet 339

interfaces (Merkx et al., 2019). At neutral pH, phosvitin 340

has a stronger binding affinity for ferric ions than acidic pH 341

thus preventing ferric ions to be released at the interface 342

(Castellani et al., 2004). Indeed, whereas accumulation of 343

CAMPO-AFDye 647 at droplet interfaces at pH 4.0 (Figure 344

4A) was seen, we did not observe this at pH 6.6 (Figure 4B). 345

Furthermore, Rhodamine B staining confirmed that proteins 346

are present at the droplet interfaces both at pH 4.0 and 6.6 347

(Figure 4C and 4D). This observation ruled out potential effects 348

due to pH induced release of proteins from the droplet interface. 349

Co-localisation of Rhodamine B and CAMPO-AFDye 647 350

could only be observed in acidic mayonnaise (Figure 4E and 351

4F). 352

The accumulation of CAMPO-AFDye 647 on day 0 (Figure 353
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Fig. 3. Localisation of CAMPO-AFDye 647 and autofluorescence in dilute
mayonnaise. Images combined from red (CAMPO-AFDye 647) and blue
(autofluorescence) emission channels are shown in (A)-(B). Stripped
soybean oil was used. (A) Dilute emulsions without any fluorescent dyes
measured on day 0 and day 5 after incubation. These control samples
only showed autofluorescence after incubation. (B) Samples with the
post-addition of 1 µM CAMPO-AFDye 647. CAMPO-AFDye 647 was
added just before each measurement. Co-localisation between CAMPO-
AFDye 647 and autofluorescence were seen after 5 days incubation. (C)
Zoom-in (white dashed box) blue channel images from (B). Significant
increased auto-fluorescence were observed only in the sample after 5
days oxidation. (D) Zoom-in (white dashed box) red channel images
from (B). Accumulation of CAMPO-AFDye 647 at the interface was
measured after 5 days oxidation whereas small granules of CAMPO-
AFDye 647 were observed in the fresh sample. Scales of fluorescence
intensities are adjusted in the same range for each channel to see the
increased CAMPO-AFDye 647 accumulation and autoFL.

3B) indicated that protein radicals are already formed soon354

(1 hour) after preparing the dilute mayonnaise. In order to355

exclude that this effect is induced by aspecific binding of356

CAMPO-AFDye 647, we prepared dilute mayonnaise with357

and without EDTA, which acts as a strong antioxidant by358

chelating metal ions from phosvitin at the droplet interface359

Fig. 4. pH dependency of CAMPO-AFDye 647 accumulation with stained
proteins in dilute mayonnaise. 1 µM of CAMPO-AFDye 647 and Rho-
damine B were added before measurements in samples stored at 4°C.
Corresponding bright field images can be found in Supplementary Fig.
S9. (A, B) Accumulation of CAMPO-AFDye 647 with excitation at 640
nm. (C, D) Protein staining with Rhodamine B at the oil/water droplet
interface and in the continuous phase. Samples were illuminated at 561
nm. (E, F) Overlay images of CAMPO-AFDye 647 and Rhodamine B.
Co-localisation is observed in dilute mayonnaise only at pH 4.0.

(Merkx et al., 2019). Upon addition of EDTA, less CAMPO- 360

AFDye 647 accumulated at the droplet interfaces over time 361

compared to conditions in absence of EDTA (Figure 5A and 362

5B). Moreover, the dilute mayonnaise without EDTA showed 363

an increase in the number and the size of the LDL aggregates 364

over time (Figure 5A), while in the emulsion containing EDTA 365

only an increase in the number of the aggregates was detected 366

(Figure 5B). A zoom into the images after 10 days of oxidation 367

showed that in absence of EDTA most of droplet interfaces 368

feature trapped CAMPO-AFDye 647 as they show halos at the 369

interface (Figure 5C). In the presence of EDTA, accumulation 370

at interfaces is virtually absent. Accumulation in aggregates 371

is sill visible in LDL aggregates, but less pronounced than 372

in absence of EDTA. This observation confirmed that the 373

addition of EDTA significantly delayed lipid radical formation 374

and subsequent protein oxidation at the interface but was less 375

effective to inhibit oxidation of LDLs in the continuous phase. 376

Discussion 377

Our multi-scale microscopy measurements suggest an pathway 378

for protein oxidation including LDLs in the continuous phase 379
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Fig. 5. EDTA dependency of CAMPO-AFDye 647 accumulation in dilute mayonnaise at pH 4.0. The CAMPO-AFDye 647 spintrap was added at
the indicated time points (post-addition). Images were measured using RCM. (A, B) Dilute mayonnaise without (A) and with 100 mM EDTA (B)
measured after 0, 5 and 10 days of incubation. (C) Zoom-in (white dashed box) images from (A, B) after 10 days oxidation. The arrow points the
halos at the oil/water droplet interface from CAMPO-AFDye 647 accumulation.

of mayonnaise which is indepedent from lipid oxidation in380

oil droplets. Free radical-mediated oxidation of unsaturated381

fatty acids in LDL leads to a chain reaction and triggers382

protein oxidation and aggregation (Figure 1). Increased auto383

fluorescence intensity supports this finding (Supplementary384

Fig. S4) as it was previously shown that increased autoFL from385

oxidised LDL is due to the reaction between lipid peroxidation386

products such as aldehyde with amino groups (Koller et al.,387

1986; Schuh et al., 1978). An increase in autofluorescence388

alone is, however, not a suitable marker for the early stage of389

oxidation (Figure 2) as aldehydes are secondary breakdown390

products of unsaturated lipids. Therefore, we here decided391

to use a water-soluble fluorescent spin trap (CAMPO-AFDye392

647) that specifically targets protein radicals. We assume393

that due to the immobility of proteins at the oil/water droplet394

interfaces or in LDL particles, the trapped radicals accumulate395

locally. This mechanism is unlikely to work for spin trapped396

lipid radicals which are smaller and more likely to diffuse397

throughout oil droplets. Our results suggest, however, that398

spin trapping of protein radicals can be used as a proxy for399

local and early lipid radical formation at droplet interfaces400

(Figure 3) and in LDL particles in the continuous phase (Figure401

2). Whereas protein autofluorescence showed up in the late402

stage of oxidation, the spintrap was already visible in fresh403

emulsions (Figure 3).404

The data in the Supplementary Fig. S7 did not yet show405

accumulation of CAMPO-AFDye 647 in the continuous phase406

on day 0. This implies that protein oxidation at the oil/water407

droplet interfaces is faster due to the generation of lipid rad-408

icals within the droplets. Figure 6 summarises our findings409

in a schematic manner. We discern two spatially separate410

mechanisms by which protein radicals can be formed by lipid 411

radicals. At the oil/water droplet interfaces, lipid oxidation is 412

catalysed by iron ions associated with surface bound phosvitin 413

(Ghorbani Gorji et al., 2016; Causeret et al., 1991). The 414

catalytic activity of iron close to the interface is increased 415

at low pH of mayonnaise, as the binding strength of ions to 416

phosvitin is decreased (Figure 6A) (Thomson et al., 2000; 417

Jacobsen et al., 1999; Takeuchi et al., 2022). Iron ions can 418

also be outcompeted from phosvitin by chelation with EDTA 419

(Thomson et al., 2000). In a spatially separate mechanism, 420

lipid oxidation in LDL particles produces lipid radicals that 421

induce protein free radical formation and protein oxidation 422

(Figure 6B). This mechanism is still active in the presence of 423

EDTA, suggesting that chelated iron can still act as catalyst 424

albeit less strong as in their free form. Upon oxidation, LDL 425

particles are prone to aggregation (Figure 6C) (Witztum and 426

Steinberg, 1991; Xu and Lin, 2001), which can play a role in 427

the physical instability of mayonnaise in prolonged stages of 428

oxidation. To this end, it remains unclear why most but not 429

all areas show co-localisation of CAMPO accumulation with 430

autoFL. One explanation is trapping of CAMPO-AFDye 647 431

by phosvitin, which contains less tryptophan residues than 432

apoproteins (Byrne et al., 1984; Olofsson et al., 1987). To 433

explore this further, we suggest to employ a higher resolution 434

imaging method (Hohlbein, 2021) in combination with locali- 435

sation of phosvitin using a phosvitin-antibody conjugated with 436

fluorophores (Jabermoradi et al., 2022). 437
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Fig. 6. Schematic of lipid and protein oxidation with formation of free radicals at the oil/water droplet interface and in the continuous phase.
Apoproteins and phospholipids relased from LDLs are adsorbed at the interface. Native and oxidised LDLs are present in the continuous phase.
(A) Depiction of underlying lipid oxidation mechanisms including oxidation of proteins dispersed at oil/water interface or present in LDLs in
different condition (acidic/neutral condition and presence of EDTA). Addition of EDTA delays lipid oxidation because of stronger binding with Fe
(III) than phosvitin. In acidic condition, Fe (III) promotes lipid oxidation due to weak binding between Fe (III) and phosvitin. Thick and dashed
lines respectively indicate strong and weaker binding of iron with EDTA and phosvitin. (B) Apoproteins in LDL can be oxidised from lipid free
radicals generated within the particles and from oil droplets at the interface. (C) Oxidised LDL can cause protein changes such as misfolding
and/or cross linking and aggregation of LDLs at the interface and in the continuous phase.

Conclusion438

We demonstrated that the accumulation of a fluorescently439

labelled spintrap (CAMPO-AFDye 647) can be used to lo-440

calise protein radical formation at droplet interfaces and in441

the continuous phase of mayonnaise. The local formation of442

protein radicals can be detected ahead of an increase in aut-443

ofluorescence and can be used as a proxy for local formation444

of lipid radicals.445

In mayonnaise, protein free radicals can be generated via446

two routes: at the droplet interface, oxidation of proteins447

including LDLs, apoproteins, and phosvitin is induced by lipid448

radicals formed in the droplets. This route is not effective in449

a high pH environment, at which iron is strongly bound to450

phosvitin. In the continuous phase, lipids in LDL particles are451

also prone to generate radicals, inducing protein oxidation and452

LDL aggregation. Upon addition of EDTA, protein radical453

formation is more effectively inhibited at the droplet interface454

as in the continuous phase.455
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Merkx, D. W., Delić, F., Wierenga, P. A., Hennebelle, M., and van Duyn- 550

hoven, J. P. (2019). 31P NMR assessment of the phosvitin-iron complex 551

in mayonnaise. Magnetic Resonance in Chemistry, 57(9):540–547. 552

Mizutani, R. and Nakamura, R. (1985). Physical State of the Dispersed 553

Phases of Emulsions Prepared with Egg Yolk Low Density Lipoprotein 554

and Bovine Serum Albumin. Journal of Food Science, 50(6):1621–1623. 555

Nielsen, N. S., Petersen, A., Meyer, A. S., Timm-Heinrich, M., and Jacob- 556

sen, C. (2004). Effects of lactoferrin, phytic acid, and EDTA on oxidation 557

in two food emulsions enriched with long-chain polyunsaturated fatty 558

acids. Journal of Agricultural and Food Chemistry, 52(25):7690–7699. 559

Olofsson, S. O., Bjursell, G., Boström, K., Carlsson, P., Elovson, J., Prot- 560

ter, A. A., Reuben, M. A., and Bondjers, G. (1987). Apolipoprotein B: 561

structure, biosynthesis and role in the lipoprotein assembly process. 562

Atherosclerosis, 68(1-2):1–17. 563

Pinchuk, I. and Lichtenberg, D. (1999). Copper-induced LDL peroxidation: 564

Interrelated dependencies of the kinetics on the concentrations of copper, 565

hydroperoxides and tocopherol. FEBS Letters, 450(3):186–190. 566

Pinchuk, I. and Lichtenberg, D. (2002). The mechanism of action of an- 567

tioxidants against lipoprotein peroxidation, evaluation based on kinetic 568

experiments. Progress in Lipid Research, 41(4):279–314. 569

Schaich, K. (2008). Co-oxidations of oxidizing lipids: Reactions with pro- 570

teins. In Kamal-Eldin, A. and Min, D., editor, Lipid Oxidation Pathways, 571

volume 2, pages 183–274. AOCS Press. 572

Schaich, K. M. (2012). Thinking outside the classical chain reaction box of 573

lipid oxidation. Lipid Technology, 24(3):55–58. 574

Schaich, K. M. and Karel, M. (1976). Free radical reactions of peroxidizing 575

lipids with amino acids and proteins: An ESR study. Lipids, 11(5):392– 576

400. 577

Schuh, J., Fairclough, G. F., and Haschemeyer, R. H. (1978). Oxygen- 578

mediated heterogeneity of apo-low-density lipoprotein. Proceedings 579

of the National Academy of Sciences of the United States of America, 580

75(7):3173–3177. 581

Sirvente, H., Beaumal, V., Gaillard, C., Bialek, L., Hamm, D., and Anton, M. 582

(2007). Structuring and Functionalization of Dispersions Containing Egg 583

Yolk , Plasma and Granules Induced by Mechanical Treatments. Journal 584

of Agricultural and Food Chemistry, 55(23):9537–9544. 585

Takeuchi, M., Mashima, T., Sztucki, M., Petukhov, A. V., Vis, M., Friedrich, 586

H., and Tuinier, R. (2022). Characterization of hen phosvitin in aqueous 587

salt solutions: Size, structure, and aggregation. Food Hydrocolloids, 588

page 107545. 589

Thomson, M. K., Jacobsen, C., and Skibsted, L. H. (2000). Mechanism of 590

initiation of oxidation in mayonnaise enriched with fish oil as studied by 591

electron spin resonance spectroscopy. European Food Research and 592

Technology, 211(6):381–386. 593

Towner, R. A., Smith, N., Saunders, D., Henderson, M., Downum, K., Lupu, 594

F., Silasi-Mansat, R., Ramirez, D. C., Gomez-Mejiba, S. E., Bonini, M. G., 595

Ehrenshaft, M., and Mason, R. P. (2012). In vivo imaging of immuno- 596

spin trapped radicals with molecular magnetic resonance imaging in a 597

diabetic mouse model. Diabetes, 61(10):2405–2413. 598

Wang, Y., Liu, Y., Ma, L., Yang, L., Cong, P., Lan, H., Xue, C., and Xu, J. 599

(2020). Co-oxidation of Antarctic krill oil with whey protein and myofibrillar 600

protein in oil-in-water emulsions. Journal of Food Science, 85(11):3797– 601

3805. 602

Witztum, J. L. and Steinberg, D. (1991). Role of oxidized low density lipopro- 603

tein in atherogenesis. Journal of Clinical Investigation, 88(6):1785–1792. 604

Xu, S. and Lin, B. (2001). The mechanism of oxidation-induced low- 605

density lipoprotein aggregation: An analogy to colloidal aggregation and 606

beyond? Biophysical Journal, 81(4):2403–2413. 607

Yang, S., Verhoeff, A. A., Merkx, D. W., van Duynhoven, J. P., and Hohlbein, 608

J. (2020). Quantitative spatiotemporal mapping of lipid and protein 609

oxidation in mayonnaise. Antioxidants, 9(12):1–13. 610

Zhu, Z., Zhao, C., Yi, J., Liu, N., Cao, Y., Decker, E. A., and McClements, 611

D. J. (2018). Impact of Interfacial Composition on Lipid and Protein 612

Co-Oxidation in Oil-in-Water Emulsions Containing Mixed Emulisifers. 613

Journal of Agricultural and Food Chemistry, 66(17):4458–4468. 614

February 23, 2022 | 9–9


