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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 acting as a main emulsifier. Here, we monitored oxidation and
the concomitant aggregation of LDLs by bright-field light microscopy and cryogenic transmission electron mi
croscopy. We further probed the formation of protein radicals and protein oxidation by imaging the accumu
lation of a water-soluble fluorescent spin trap and protein autofluorescence. The effect of variation of pH and
addition of EDTA on the accumulation of the spin trap validated that protein radicals were induced by lipid
radicals. Our data suggests two main pathways of oxidative protein radical formation in LDL particles: (1) at the
droplet interface, induced by lipid free radicals formed in oil droplets, and (2) in the continuous phase induced
by an independent LDL-specific mechanism.

1. Introduction
Mayonnaise derives its structural stability from egg yolk containing
protein and lipid emulsifiers that reside at the oil/water droplet inter
face (Anton, 2013). The use of egg yolk as an emulsifier, however, also
introduces strong pro-oxidants (Jacobsen et al., 2001). Preventing
oxidation of the oil phase and the proteins in mayonnaise has been a
long-standing challenge, as oxidation can lead to reaction products that
decrease the physical stability or the nutritional and sensorial value
thereby limiting shelf-life. Mayonnaise is formulated with vegetable oil,
vinegar and egg yolk. A major part of the proteins is associated with
high-density lipoprotein (HDL) and low-density lipoprotein (LDL) par
ticles and the remainder exists in free forms as phosvitins and livetins.
LDL particles have a diameter of 40 ± 20 nm (Anton et al., 2003; Anton,
2013) and feature a core–shell structure where a core of triglycerides

cholesteryl esters is surrounded by a monolayer of phospholipids and
apolipoproteins. During the emulsification of mayonnaise, LDL particles
can release phospholipids and apolipoproteins that together with
phosvitin adsorb at the oil/water droplet interface. LDLs can also remain
structurally intact and form granules present in the continuous phase or
adsorbed at the oil/water interface depending on mechanical treatments
and conditions (Anton et al., 2003; Sirvente et al., 2007).
Lipid oxidation in mayonnaise is mediated by free radical chain re
actions (Schaich, 2012) and catalysed by the presence of metal ions such
as iron introduced via phosvitin (Jacobsen, Adler-Nissen, & Meyer,
1999; Thomsen, Jacobsen, & Skibsted, 2000). Reactions between alkyl
radicals (L⋅) and molecular oxygen generate peroxyl radicals (LOO⋅),
which further accelerate lipid peroxidation by reacting with unsaturated
lipids. Whereas at neutral pH pro-oxidant iron ions are strongly bound to
the negatively charged phosvitin, a weaker binding at the acidic pH of
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mayonnaise makes the iron ions available as catalysts for lipid oxidation
(Merkx, Delić, Wierenga, Hennebelle, & van Duynhoven, 2019).
Therefore, ethylenediaminetetraacetic acid (EDTA) is often added to
mayonnaise to bind free metal ions via chelation thus reducing the
formation of lipid peroxidation (LPO) products (Lee & Decker, 2011;
Nielsen, Petersen, Meyer, Timm-Heinrich, & Jacobsen, 2004). In food
emulsions, protein emulsifiers are known to react with free radicals
formed via lipid oxidation thus acting as antioxidants via scavenging
free radicals (Schaich, 2008; Hematyar, Rustad, Sampels, & Kastrup
Dalsgaard, 2019; Berton, Ropers, Guibert, Solé, & Genot, 2012). Emul
sions stabilised by whey proteins, for example, showed better oxidation
stability than emulsions stabilised by the surfactant Tween (Zhu et al.,
2018). It has therefore been argued that due to their proximity to lipid
radicals generated at the droplet interface, proteins adsorbed at the oil/
water interface can function as effective antioxidants. Even though the
importance of proteins present at the interface on lipid oxidation has
been highlighted earlier (Berton, Genot, & Ropers, 2011), only few
quantitative studies have been reported since (Berton et al., 2012;
Berton-Carabin, Schröder, Rovalino-Cordova, Schroën, & Sagis, 2016)
and, to our knowledge, no studies yet addressed the challenge in
localising lipid and protein oxidation in a complex food emulsion.
In mayonnaise, proteins that originate from LDL particles are either
present at the oil/water droplet interface, as individual particles in the
continuous phase, or aggregated in granules (Anton, 2013). Apoproteins
from LDL particles can specifically act as emulsifiers at droplet interfaces
within mayonnaise. In both intact LDLs and in dispersed form at droplet
interfaces apoproteins can engage in oxidation reactions. The potential
role of these particles in protein and lipid oxidation processes occurring
in mayonnaise has been largely overlooked. Human plasma model sys
tems have been used to study oxidation and aggregation of LDLs using
bright field microscopy and transmission electron microscopy (TEM)
(Xu & Lin, 2001). By means of UV/VIS and fluorescence spectroscopy,
protein oxidation of LDL was investigated showing that the fluorescence
intensity increased in the 430 nm emission range after auto-oxidation
(Koller, Quehenberger, Jürgens, Wolfbeis, & Esterbauer, 1986; Pin
chuk & Lichtenberg, 2014). We hypothesize that the proteins from LDL
particles can scavenge lipid radicals, not only in intact particles, but also
in dispersed form at the droplet interfaces.
Location and time dependent detection of lipid and protein radicals
is required for unravelling possible oxidation pathways in mayonnaise.
Conventionally, electron spin resonance (ESR) is used to detect free
radicals and radical adducts of either proteins or lipids. ESR can be
applied to either oil or water phase, however, the signals from immobile
protein radical adducts are broad and overlap. Further, ESR does not
allow for localising radicals. In food emulsions, lipid radicals are formed
at the oil/water droplet interface and can either diffuse quickly into the
droplet or be transferred to other oil droplets (Laguerre, Bily, Roller, &
Birtić, 2017). In this study, we suggest localising of protein radicals as a
proxy for lipid oxidation. In ESR, 5,5-Dimethyl-1-pyrroline N-oxide
(DMPO) is frequently used to detect protein free radicals by forming
stable spin adducts. Similar to biomedical approaches allowing to
localise free radicals via fluorescent spin trapping adducts (Mason &
Ganini, 2019), we developed a spin trap composed of the fluorophore
AFDye 647 and CAMPO, a derivative of water-soluble DMPO.
Here, we study the interplay of protein and lipid oxidation in
mayonnaise. We first monitor structural aspects such as the aggregation
of LDL particles. We then localise protein free radicals at the oil/water
droplet interface and in the continuous phase using a fluorescently
labelled, free radical spin trap. Cryo-transmission electron microscopy
(cryo-TEM) was used to observe LDL particles at the nanometre scale
and we used plunge vitrification of LDLs present in the continuous phase
isolated from mayonnaise to study oxidation in a time-resolved manner.
Our imaging experiments were performed at time points based on a
previous kinetic assessment of primary and secondary lipid oxidation
products (Boerkamp et al., 2022). We further studied the impact of
oxidation using optical bright-field light microscopy which provides

micro scale information allowing to identify aggregation of LDLs upon
oxidation. Moreover, our newly developed fluorescent labelled spin trap
(CAMPO-AFDye 647) was applied to detect protein oxidation at an early
stage. We monitored oxidation in dilute (26% (w/w) oil concentration)
mayonnaises and demonstrated the co-localisation of autofluorescence
from oxidised proteins and CAMPO-AFDye 647 fluorescence from pro
tein free radical spin adducts.
2. Materials and Methods
2.1. Materials
2-((1E,3E)-5-((E)-3,3-dimethyl-5-sulfo-1-(3-sulfopropyl) indolin-2ylidene) penta-1,3-dien-1-yl) − 3-methyl-1-(6-((4-(2-methyl-1-oxido3,4-dihydro-2H-pyrrole-2-carboxamido) butyl) amino)-6-oxohexyl) − 3(4-sulfobutyl)-3H-indol-1-ium-5-sulfonate (CAMPO-AFDye 647) and
CAMPO-Au nanoparticles (CAMPO-AuNPs) were synthesized by SyMOChem B.V. (Eindhoven, the Netherlands). Reference AuNPs without
CAMPO functionalization were obtained from AURION (Wageningen,
the Netherlands). Sodium chloride (>99.5%, EMSURE®) and Rhoda
mine B were purchased from Sigma–Aldrich. Spirit white vinegar (4%),
soybean oil and egg yolk containing 8% NaCl were purchased from a
local store. Alumina powder (Alumina N-Super I) was obtained from MP
EcoChrom™. EDTA (Ethylenediaminetetraacetic acid disodium salt
dihydrate) was purchased from Merck. Demineralized (demi) water was
used for all experiments.
2.2. Preparation of samples
Stripped soybean oil was prepared using alumina powder to remove
lipid-soluble antioxidants (Berton et al., 2011). The oil was mixed with
the powder at a volume ratio of 2:1 in Falcon tubes and shaken for 24
hrs. The suspension was then centrifuged at 2000×g for 20 min. The oil
was collected, and the same centrifugation procedure was repeated to
ensure complete removal of the alumina powder. Stripped soybean oil
was used for the co-localisation experiments of CAMPO-AFDye 647 and
autofluorescence in dilute emulsions. Unless mentioned otherwise, nonstripped soybean oil was used.
Mayonnaise was prepared from 78% (w/w) of soybean oil, 5% (w/w)
of egg yolk with 8% NaCl, 0.7% (w/w) of salt, 14.8% (w/w) of demi
water, and 1.5% (w/w) of spirit vinegar using a Silverson mixer. Egg
yolk, salt and demi water were premixed in a 500 mL jar and mixed at
2000 rpm for 20 s. Oil was slowly added and mixed at 8500 rpm for 4
min. Spirit vinegar was added and mixed further for 2 min. For pre
paring a dilute mayonnaise, we added demi-water to reach a final 26%
(w/w) oil concentration. Under standard conditions, the dilute mayon
naise had pH 4.0. Without addition of vinegar, the pH was 6.6. For
samples formulated with EDTA, this ingredient was added to the water
phase before making the emulsions.
The continuous phase of the prepared mayonnaise was obtained by
centrifuging the fresh mayonnaise at 4000 g for 1 hr. The continuous
phase was collected from the bottom part of the Eppendorf tubes by
cutting off the bottom tip. The continuous phase was stored in a fridge at
4 ◦ C until further use. To accelerate the oxidation, these separated
continuous phases (each 100 μL in 1.5 mL Eppendorf tubes) were stored
at 40 ◦ C and sampled at 0, 1, 3, and 5 days.
For oxidation experiments including spin traps, CAMPO-AFDye 647
(MW = 1068.30 g/mol) was dissolved with dimethylsulfoxide (DMSO)
to prepare 0.01 g/L of CAMPO-AFDye 647 stock solutions. The stock
solution was added to the continuous phase samples and mayonnaise to
reach a final concentration of 1 μM. The CAMPO-AFDye 647 spin trap
was added in two different ways. In the pre-addition method, CAMPOAFDye 647 was added in the continuous phase/mayonnaise before
oxidation. In the post-addition method, CAMPO-AFDye 647 was added
in the continuous phase/mayonnaise after oxidation. For the post
addition method samples were imaged at room temperature (21 ◦ C)
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within one hour after incubation. For the samples used for imaging of
protein localisation, 1 μL of Rhodamine B stock solution (10 μM) was
added to 9 μL of emulsion to stain proteins before measurements.

over a duration of 5 days. On day 0, no LDL superstructures were visible,
suggesting little to no aggregation of LDLs. In their non-aggregated form,
LDLs are too small to be visible using diffraction limited bright-field
imaging (Fig. 1A). After 1 day, micrometre sized LDL superstructures
become visible, which then grow to fractals (day 3) and fractal aggre
gates (day 5). This aggregation behaviour upon oxidation is similar to
the one observed for LDLs superstructures from human plasma (Xu &
Lin, 2001).
Using cryo-TEM, we determined the diameter of dispersed LDLs to be
36 ± 6 nm on day 0 (Fig. 1B, 1C, and 1D-I). The number (N) of particles
analysed was N = 112 (see Supplementary data in Fig. S3). In addition,
we saw aggregated LDLs (Fig. 1D-II), liposomes characterised by a
double phospholipid layer without proteins (Fig. 1D-III), and spherical,
low contrast objects of about 200 nm in diameter (Fig. 1D-IV), which we
tentatively assigned to very low-density lipoprotein (VLDL) particles
(Huopalahti, López-Fandiño, Anton, & and Schade, 2007).
After one day, we observed aggregates with a broad size distribution
composed of mainly LDLs and liposomes. The average diameter of the
longest axis was roughly 400 nm with a standard deviation of 200 nm (N
= 69). The structure of these aggregates can be further resolved in cross
sections from the acquired electron tomograms (see Supplementary data
Fig. S2). After three days we observed aggregates spanning the entire 2
μm wide hole of the carbon film. Our cryo-TEM data confirm that the
superstructures seen in bright-field light microscopy consist of LDLs.

2.3. Light microscopy
All optical imaging was performed on a home-built microscope, the
miCube (Martens et al., 2019), at room temperature (21 ◦ C). For
brightfield imaging, we used a LED lamp in transmission mode. For the
measurements of CAMPO-AFDye 647 and autofluorescence from oxi
dised proteins, we used a rescan confocal microscopy (RCM) module
(Confocal.nl, Amsterdam, The Netherlands) (De Luca et al., 2013) con
nected to the miCube. Four different lasers were available (405 nm, 488
nm, 561 nm, 642 nm, Omicron LightHub). The microscope is further
equipped with a 100× oil immersion objective lens (Nikon TIRF 1.49NA
HP SR) and an Andor – Zyla 4.2 PLUS sCMOS camera. The frame time
was set to 50 ms. We used 2 × 2 pixel binning for a final image size of
1024 by 1024 pixels and an effective field of view of 88 × 88 μm. Images
were recorded using MicroManager 2.0 (Edelstein et al., 2014). To
detect protein autofluorescence, samples were excited at 405 nm (12
mW). For detection of trapped free radical adducts with CAMPO-AFDye
647, the samples were illuminated of 642 nm (34 mW). Fluorescence
from Rhodamine B was measured with excitation at 561 nm (8 mW). For
each measurement, 3 μL of the continuous phase sample was added to a
well of silicon gasket (CultureWell™, GRACEBIO-LABS) on a cleaned
cover glass.

3.2. Co-localisation of protein oxidation and radical formation in the
continuous phase

2.4. Quantification of fluorescence imaging data

LDLs show autofluorescence in the ultraviolet (UV) region mainly
due to tryptophan (Trp) residues present in apolipoproteins. Upon
oxidation of LDLs, fluorescence emission increases in the visible region
due to reactions between lipid peroxidation products such as aldehyde
with amino groups (Koller et al., 1986). We previously assessed protein
oxidation in mayonnaise via autofluorescence using 488 nm excitation
and detection in the 500–560 nm range (Yang, Verhoeff, Merkx, van
Duynhoven, & Hohlbein, 2020). To confirm the decrease of FL in the UV
region and the increase in longer wavelength, we compared the auto
fluorescence spectrum after excitation at 300 nm, 360 nm, and 405 nm
(see Supplementary data in Fig. S4). The measurement shows an inverse
correlation between the decrease of tryptophane autofluorescence
(excitation at 300 nm) and the increase of the autofluorescence signal of
aldehyde-apolipoprotein adducts (excitation at 405 nm). Here, we
excited at 405 nm to maximise the detectable fluorescence emission
intensity (see Supplementary data in Fig. S5). LDL superstructures in the
continuous phase showed aggregation over time leading to small fractals
upon oxidation with autofluorescence (see Supplementary data in
Fig. S6).
To further localise protein oxidation, we deployed adducts of
CAMPO, a derivative of the spin trap DMPO. CAMPO was either labelled
with AFDye 647 (Fig. 2A) for fluorescence imaging or with an Au
nanoparticle for cryo-TEM. We first monitored the accumulation of
CAMPO-AFDye 647 fluorescence in the continuous phase of mayonnaise
over time. To show the co-localisation between spin trap and oxidised
proteins, we combined fluorescence images from CAMPO-AFDye 647
accumulation (red channel) and autofluorescence (blue channel). Two
different ways of adding CAMPO-AFDye 647 to the continuous phase
were used to see the effect of accumulation of CAMPO during incuba
tion: pre-addition and post-addition.
On day 0 and day 1 of the pre-addition series, we did not observe any
accumulation of intensities caused by either protein autofluorescence or
CAMPO-AFDye 647 fluorescence (Fig. 2B). The high intensities in the
red channel indicate that CAMPO-AFDye 647 is freely diffusing in the
continuous phase instead of reacting with protein free radicals. In the
pre-addition series (Fig. 2C), we observed that LDL superstructures and
aggregates form over time similar to the bright field images seen in
Fig. 1A. Further, the autofluorescence (blue) increases and CAMPO-

For further quantifying both changes in the intensity levels of the
autofluorescence and the accumulation of CAMPO-AFDye 647, we used
ImageJ and MATLAB R2021b (See Supplementary data in Fig. S1). First,
we apply a Gaussian Blur filter to the raw data (Gaussian filter, with
sigma radius set to 1 pixel). These filtered images were used for
obtaining the segmented masks by adjusting the threshold and con
verting these images to a mask. Background filtered images were ob
tained by multiplying the segmented mask images consisting of zeros
and ones with the raw image data using MATLAB. The intensity histo
grams of autofluorescence and the histograms of CAMPO-AFDye 647
aggregates’ sizes were plotted using MATLAB R2021b.
2.5. Sample preparation for cryo-TEM
Samples for cryo-TEM were prepared by applying 3 μL of the
continuous phase separated from mayonnaise on a 200 mesh Cu grid
with a R2/2 Quantifoil® carbon support film (Quantifoil MicroTools
GmbH). An automated vitrification robot (Thermo Fisher Scientific
Vitrobot™ Mark IV) was used to first blot and then plunge the samples
into liquid ethane. Prior to application of the sample the TEM grid was
glow-discharged to render the surface of the carbon TEM support film
hydrophilic. Cryo-TEM imaging was conducted on the TU/e CryoTitan
(Thermo Fisher Scientific) which was operated at 300 kV and is equip
ped with a Field-Emission Gun, a post-GIF 2k × 2k Gatan CCD camera,
and a post column Gatan Energy Filter (GIF). Cryo-TEM images were
acquired at an electron dose rate of 3 and 6 e− Å− 2 s− 1 with an exposure
time of 1 s at magnifications of 6500× and 24000 × , respectively. The
nominal defocus was set to − 20 μm for 6500× and − 5 μm for 24000 × .
For detailed imaging conditions for cryo-electron tomography (cryoET), see Supplementary data in Fig. S2.
3. Results
3.1. Impact of oxidation on multi-scale structure in the continuous phase
We first characterised the aggregation of LDL particles in the isolated
continuous phase of mayonnaise using bright-field light microscopy
3
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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.

AFDye 647 (red) accumulates in the LDL aggregates. The decrease of the
background in the continuous phase is in line with CAMPO-AFDye 647
accumulating at sites with protein radicals. After five days, CAMPOAFDye 647 accumulation in fractal aggregates of LDL superstructures
was observed and found to be mostly co-localised with autofluorescence
from oxidised proteins.
In the post-addition series (Fig. 2D), we could measure increased
autofluorescence (blue), but noticed elevated background intensities
originating from freely diffusing CAMPO-AFDye 647. Over the five days,
aggregates in the continuous phase from both addition methods showed
a similar extent of aggregation. Fig. 2E compares spectrally resolved
channels for samples oxidised for five days. Fluorescence of accumu
lated CAMPO-AFDye 647 and protein autofluorescence are clearly colocalised in the pre-addition sample whereas the signal to noise ratio
of CAMPO-AFDye 647 is compromised in the post-addition sample due

to the fluorophore still being present in free solution. We note that au
tofluorescence signals from two different addition methods (pre- and
post-addition) showed a similar distribution of intensity levels, indi
cating they are not influenced by the addition of CAMPO-AFDye 647
(see Supplementary data in Fig. S7).
We further investigated whether the CAMPO-Au nanoparticles
(CAMPO-AuNPs) co-localise with aggregated LDLs. Cryo-TEM images
indicate that CAMPO-AuNPs favour the proximity of aggregated pro
teins, while the control experiments with non-functionalised AuNPs did
not show such behaviour (see Supplementary data in Fig. S8). We note
that the low stock concentration of the CAMPO-AuNPs dispersion
(AU520 ≈ 0.2) prevented us from further quantifying the localisation of
CAMPO-AuNPs close to aggregated proteins.
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Fig. 2. Chemical structure of CAMPO-AFDye 647 and fluorescence images of the continuous phases of mayonnaise. (A) Chemical structure of CAMPO-AFDye 647.
CAMPO is derived from DMPO (left) and conjugated to AFDye 647 (right). (B-D) Fluorescence images showing the red (CAMPO-AFDye 647) and the blue (auto
fluorescence) channels were recorded after up to 5 days of incubation. (B) CAMPO-AFDye 647 was directly added after preparing the emulsions and measured within
1 hr of preparation (day 0). We neither obeserve localised oxidation after 1 h (day 0) nor after one day (day 1). (C-D) CAMPO-AFDye 647 was pre-added before
oxidation (C) and post-added after continuing oxidation (D). Aggregates of LDLs show the co-localisation of CAMPO-AFDye 647 (red) and autofluorescence (blue)
after day 5. (E) Spectrally resolved zoom-in (white dashed boxes in C and D) after 5 days of oxidation.

3.3. Co-localisation of protein oxidation and radical formation in dilute
mayonnaise

droplets, likely representing LDL aggregates (Fig. 3B). It should be noted
that although in most cases co-localisation of CAMPO-AFDye 647 and
autofluorescence was observed, few regions showed only CAMPOAFDye 647 accumulation. In Fig. 3C-D selected regions of interest and
spectrally separated images are shown. On day 0, only CAMPO-AFDye
647 accumulated heterogeneously at the oil/water droplet interface
whereas on day 5, the autofluorescence signal around the droplets
partially co-localise with CAMPO-AFDye 647 (Fig. 3C and 3D). The
accumulation of CAMPO-AFDye 647 at the droplet interface as seen in
Fig. 3D occurs in micronscale domains as well as a thin homogeneous
halo around the droplet interface. These findings suggest that the
accumulation of CAMPO-AFDye 647 spin trap occurs in both micronscale LDL granules and protein molecules stabilizing the droplet in
terfaces as emulsifiers. Both apoproteins originating from LDL particles
and phosvitin qualify for such a role.
To validate that the accumulation of CAMPO-AFDye 647 at droplet
interfaces is due to protein free radical formation induced by nearby

The dense packing of oil droplets made it difficult to discern LDLs in
the continuous phase and at the interfaces of oil droplets. The samples
were therefore diluted before observing protein autofluorescence and
CAMPO-AFDye 647 accumulation. As a control, dilute (26% (w/w) oil
concentration) mayonnaise without CAMPO-AFDye 647 was measured
(Fig. 3A). As seen, the level of autofluorescence at the oil/water droplet
interface and in the continuous phase increased upon oxidation from
day 0 to day 5 (see Supplementary data in Fig. S9). To show colocalisation of accumulated spin trap and oxidised proteins, we com
bined the images of red channel (CAMPO-AFDye 647) and the blue
channel (autofluorescence). Already on day 0, we observed accumula
tion of CAMPO-AFDye 647 fluorescence at the oil/water droplet inter
face and in the continuous phase between droplets (Fig. 3B). On day 5,
we saw an increase in protein oxidation around and especially between
5
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AFDye 647 at droplet interfaces at pH 4.0 (Fig. 4A) was seen, we did
not observe this at pH 6.6 (Fig. 4B). Furthermore, Rhodamine B staining
confirmed that proteins are present at the droplet interfaces both at pH
4.0 and 6.6 (Fig. 4C and 4D). This observation ruled out potential effects
due to pH induced release of proteins from the droplet interface. Colocalisation of Rhodamine B and CAMPO-AFDye 647 could only be
observed in acidic mayonnaise (Fig. 4E and 4F).
The accumulation of CAMPO-AFDye 647 on day 0 (Fig. 3B) indicated
that protein radicals are already formed soon (1 hr) after preparing the
dilute mayonnaise. In order to exclude that this effect is induced by
aspecific binding of CAMPO-AFDye 647, we prepared dilute mayonnaise
with and without EDTA, which acts as a strong antioxidant by chelating
metal ions from phosvitin at the droplet interface (Jacobsen et al., 2001;
Merkx et al., 2019). Upon addition of EDTA, less CAMPO-AFDye 647
accumulated at the droplet interfaces over time compared to conditions
in absence of EDTA (Fig. 5A and 5B). To compare the changes, we
analysed the sizes of the aggregates (see Supplementary data in Fig. S1
and Fig. S11). The dilute mayonnaise without EDTA (Fig. 5A) showed an
increase in the size of LDL aggregates over time while the emulsion
containing EDTA (Fig. 5B) showed hardly any changes. A zoom into the
images after ten days of oxidation showed that in absence of EDTA most
of droplet interfaces feature trapped CAMPO-AFDye 647 as they show
halos at the interface (Fig. 5C). In the presence of EDTA, accumulation at
interfaces is virtually absent. Accumulation in aggregates is still visible

Fig. 3. Localisation of CAMPO-AFDye 647 and autofluorescence in dilute
mayonnaise. Images combined from red (CAMPO-AFDye 647) and blue (auto
fluorescence) 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. Colocalisation 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 autofluorescence was 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 seen
after five days of oxidation whereas small granules of CAMPO-AFDye 647 were
already 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 autofluorescence.
Fig. 4. pH dependency of CAMPO-AFDye 647 accumulation with stained
proteins in dilute mayonnaise. 1 μM of CAMPO-AFDye 647 and Rhodamine B
were added before measurements in samples stored at 4◦ C. Corresponding
bright field images can be found in Supplementary data in Fig. S10. (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.

lipid radicals, the pH of the mayonnaise was varied. Under the usual
acidic environment of mayonnaise, phosvitin has weak affinity for ferric
ions which allows them to act as a catalysts for lipid oxidation at oil/
water droplet interfaces (Merkx et al., 2019). At neutral pH, phosvitin
has a stronger binding affinity for ferric ions thus preventing ferric ions
to be released at the interface (Castellani, Guérin-Dubiard, DavidBriand, & Anton, 2004). Indeed, whereas accumulation of CAMPO6
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Fig. 5. EDTA dependency of CAMPO-AFDye 647 accumulation in dilute mayonnaise at pH 4.0. The CAMPO-AFDye 647 spin trap 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 CAMPOAFDye 647 accumulation.

in LDL aggregates, but less pronounced than in absence of EDTA. This
observation confirmed that the addition of EDTA significantly delayed
lipid radical formation and subsequent protein oxidation at the interface
but was less effective to inhibit oxidation of LDLs in the continuous
phase.

effect is due to the generation of lipid radicals at the droplet interfaces
induced by reactions between iron and lipid hydroperoxide, which are
already initially present in the oil phase. Lipid hydroperoxides are more
polar and surface active than the unsaturated fatty acids, therefore, they
can concentrate at the droplet interfaces (Nuchi, Hernandez, McCle
ments, & Decker, 2002). This corroborates what was reported recently
on protein-lipid co-oxidation in whey protein isolate-stabilized emul
sions (Chen, Li, Kong, Chen, & Liu, 2022). The authors found that the
proteins adsorbed at the oil–water interface showed higher levels of
oxidation than non-adsorbed proteins possibly due to their free radical
scavenging activity at the interface. Fig. 6 summarises our findings in a
schematic manner. We discern two spatially separate mechanisms by
which protein radicals can be formed by lipid radicals. At the oil/water
droplet interfaces, lipid oxidation is catalysed by iron ions associated
with surface bound phosvitin (Ghorbani Gorji, Smyth, Sharma, & Fitz
gerald, 2016; Mirzanajafi-Zanjani, Yousefi, & Ehsani, 2019). The cata
lytic activity of iron close to the interface is increased at low pH of
mayonnaise, as the binding strength of iron ions to phosvitin is
decreased (Fig. 6A) (Thomsen et al., 2000; Jacobsen et al., 1999;
Takeuchi et al., 2022). Iron ions can also be outcompeted from phosvitin
by chelation with EDTA (Thomsen et al., 2000). In a spatially separate
mechanism, lipid oxidation in LDL particles produces lipid radicals that
induce protein free radical formation and protein oxidation (Fig. 6B).
This mechanism is still active in the presence of EDTA, suggesting that
chelated iron can still act as catalyst albeit less strong than in their free
form. Upon oxidation, LDL particles are prone to aggregation (Fig. 6C)
(Witztum & Steinberg, 1991; Xu & Lin, 2001), which can play a role in
the physical instability of mayonnaise in prolonged stages of oxidation.
To this end, it remains unclear why most but not all areas show colocalisation of CAMPO accumulation with autofluorescence. One
explanation is trapping of CAMPO-AFDye 647 by phosvitin, which
contains less tryptophan residues than apoproteins (Byrne et al., 1984;
Olofsson et al., 1987). To explore this further, we suggest to employ a
higher resolution imaging method (Hohlbein, 2021) in combination
with localisation of phosvitin using a phosvitin-antibody conjugated
with fluorophores (Jabermoradi, Yang, Gobes, van Duynhoven, &
Hohlbein, 2022).

4. Discussion
Our multi-scale microscopy measurements suggest a pathway for
protein oxidation including LDLs in the continuous phase of mayonnaise
which is indepedent from lipid oxidation in oil droplets. The protein
oxidation and aggregation of LDLs is likely triggered by free radicalmediated oxidation of unsaturated fatty acids (Witztum & Steinberg,
1991; Stocker & Keaney Jr, 2004; Pinchuk & Lichtenberg, 2014), which
then can trigger radical chain reactions. Increased autofluorescence in
tensity supports this finding (see Supplementary data in Fig. S6) as it was
previously shown that increased autofluorescenc from oxidised LDL is
due to the reaction between lipid peroxidation products such as alde
hyde with amino groups (Koller et al., 1986). An increase in auto
fluorescence alone is, however, not a suitable marker for the early stage
of oxidation (Fig. 2) as aldehydes are secondary breakdown products of
unsaturated lipids. Therefore, we here decided to use a water-soluble
fluorescent spin trap (CAMPO-AFDye 647) that targets protein radi
cals. We assume that due to the immobility of proteins at the oil/water
droplet interfaces or in LDL particles, the trapped radicals accumulate
locally. This mechanism is unlikely to work for spin trapped lipid radi
cals which are smaller and more likely to diffuse throughout oil droplets.
We are aware that CAMPO may lead to false-positive signals originating
from the reaction with substrates other than our targeted protein free
radicals (Leinisch, Jiang, DeRose, Khramtsov, & Mason, 2013). Our re
sults confirm, however, that spin trapping of protein radicals using
CAMPO can be used as a proxy for local and early lipid radical formation
at oil/water droplet interfaces (Fig. 3) since CAMPO predominantly colocalised with the autofluorescence originating from protein oxidation.
The data did not show accumulation of CAMPO-AFDye 647 in the
continuous phase on day 0 (Fig. 2B), whereas the emulsions did show on
day 0 (Fig. 3B). This finding implies that protein oxidation at the oil/
water droplet interfaces is faster than in the continuous phase. This
7
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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.

5. Conclusion

CRediT authorship contribution statement

We demonstrated that the accumulation of a fluorescently labelled
spin trap (CAMPO-AFDye 647) can be used to localise protein radical
formation at droplet interfaces and in the continuous phase of mayon
naise. The local formation of protein radicals can be detected ahead of
an increase in autofluorescence thereby providing a proxy for local
formation of lipid radicals.
In mayonnaise, protein free radicals can be generated via two routes.
At the droplet interface, oxidation of proteins including LDLs, apopro
teins, and phosvitin is induced by lipid radicals formed close to the
droplet interfaces. This route is not effective in a high pH environment,
at which iron is strongly bound to phosvitin. The second route is active
in the continuous phase, where lipids in LDL particles are also prone to
generate radicals, inducing protein oxidation and LDL aggregation.
Upon addition of EDTA, protein radical formation is more effectively
inhibited at the droplet interface than in the continuous phase. We
believe that the fluorescently labelled spin trap (CAMPO-AFDye 647)
presents a powerful tool for studying the early onset of lipid-protein cooxidation at oil/water droplet interfaces and in lipoprotein particles.
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