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A B S T R A C T   

Lipid oxidation is a major cause of product deterioration in protein stabilised oil-in-water food emulsions. The 
impact of protein emulsifiers on lipid oxidation and the stability depends on the specific type of protein emul-
sifiers used and the redox conditions in the emulsion. However, the exact impact of these protein emulsifiers at 
the oil-water interface on lipid oxidation and the mechanism of lipid-protein co-oxidation are currently un-
known. Here, we developed a cryo-correlative light and electron microscopy (cryo-CLEM) platform for co- 
localising the oxidation of lipids and proteins. For this first implementation of cryo-CLEM for food oxidation 
studies we optimised specifically the part of cryo-fluorescence microscopy (cryo-FM) by adding parts that pre-
vent fogging on the sample and enable homogeneous laser illumination. We showed that lipid oxidation in food 
emulsions can be observed at cryogenic temperature using fluorescence imaging of the fluorophore BODIPY 665/ 
676 that we employed earlier as a lipid oxidation sensor at room temperature. Using cryo-transmission electron 
microscopy (cryo-TEM), we observed that more protein aggregates are found at the droplet interfaces in oxidized 
emulsions compared to fresh emulsions. Our cryo-CLEM platform paves the way for future cryo-correlative 
oxidation studies of food emulsions.   

1. Introduction 

Many food products such as mayonnaise, salad dressings, and cream 
cheese are oil-in-water (O/W) emulsions that are commonly stabilized 
with emulsifiers consisting of proteins and amphiphilic lipid surfactants 
(McClements, 2015). In O/W food emulsions, lipid oxidation is widely 
considered a key factor for food deterioration (McClements & Decker, 
2000). The role of the emulsifiers at the interface is, however, poorly 
understood, even though lipid oxidation is thought to be initiated there 
(Berton-Carabin et al., 2014). Specifically, it is currently unclear, what 
the exact role of proteins at the interface on lipid oxidation is 

(Berton-Carabin et al., 2014, 2018a). Whereas some earlier work 
showed that protein-stabilized interfaces are less efficient at protecting 
emulsified lipids against oxidation than those stabilized with 
low-molecular weight surfactants (Berton, Ropers, et al., 2011), other 
studies indicated that proteins at the interface act as antioxidants (Yang 
& Xiong, 2015; Zhu et al., 2018). Therefore, understanding lipid-protein 
co-oxidation at the interface is essential for addressing food deteriora-
tion. However, not many studies have addressed this aspect so far due to 
a lack of experimental methods that allow the co-localisation of lipid 
oxidation and proteins at the O/W interface. 

To address this methodology gap, we adapted a cryogenic correlative 
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light and electron microscopy (cryo-CLEM) platform for studying 
oxidation in food emulsions. CLEM is an emerging technique that 
combines information from fluorescence microscopy and electron mi-
croscopy performed at similar regions within a sample (Brown & Ver-
kade, 2010; Giepmans, 2008; Mironov & Beznoussenko, 2009; 
Muller-Reichert & Verkade, 2014; van Elsland, Bos, Overkleeft, Koster, 
& van Kasteren, 2015). CLEM has been developed and applied mainly in 
the life science allowing, for example, the correlation of nanoscale 
structural information with the localisation of specific, 
fluorophore-labelled biomolecules (de Boer et al., 2015; Wolff et al., 
2016). Correlative imaging approaches are also relevant in other sci-
entific fields such as polymer science (Wang et al., 2021). For per-
forming transmission electron microscopy (TEM) at native conditions, 
CLEM typically requires laborious sample preparation steps such as 
chemical fixation, staining, resin embedding, and cutting, all of which 
may lead to potential artifacts (Ayache et al., 2010; Murk et al., 2003; 
Schnell et al., 2012). The use of chemical fixatives can be circumvented 
by utilizing rapid cooling of samples, such as with plunge vitrification 
(Schultz, 1988) or high-pressure freezing (Dahl & Staehelin, 1989) and 
measuring the samples at cryogenic temperatures. In fact, it has been 
reported that cryo-fixated samples expose better preserved structures as 
compared to chemically fixated samples (Dahl & Staehelin, 1989; Murk 
et al., 2003; Steinbrecht & Zierold, 2012). 

Sample vitrification and microscopy observation at low tempera-
tures are especially helpful for food emulsions as cryogenic temperatures 
prevent the diffusion of components and further oxidation during 
measurements. Despite its apparent potential, Cryo-CLEM has not yet 
been employed for studying food systems. More specifically, the length 
scales covered by CLEM (nm to µm scale) have the potential to provide 
insights into the relationship between the (co-) oxidation of lipids and 
proteins at droplet interfaces and the local nanoscale arrangement of 
proteins. In previous work, we showed aggregation of proteins in the 
continuous phase separated from mayonnaise using localisation of flu-
orescently labelled spin-traps and autofluorescence by room tempera-
ture (RT)-confocal microscopy and cryo-TEM (Yang, Takeuchi, et al., 
2023). We could observe aggregation of proteins in the aqueous phase 
upon oxidation, however, without employing fluorescence microscopy 
and cryo-TEM in a correlative manner. 

Here, we build on our previous work and image the lipid oxidation of 
oil droplets in fluorescence microscopy at cryogenic temperatures. We 
first introduce a home-built cryo-upright fluorescence microscope (cryo- 
FM) for correlative imaging and test the setup with fluorescent beads. 
We then demonstrate fluorescence detection of an oxidation-sensitive 
dye, BODIPY 665/676, in egg yolk stabilized model emulsions at cryo-
genic temperature (77 K). In addition, we observe protein granules at 
the oil droplet interfaces of fresh and oxidized emulsions using cryo- 
TEM. Finally, we demonstrate correlative imaging of the model emul-
sion using both cryo-FM and cryo-TEM on the same sample region. Our 
work demonstrates the feasibility of using cryo-CLEM to unravel the role 
of colloidal interfacial structure in mediating lipid oxidation of food 
emulsions by correlating images from cryo-FM and cryo-TEM. 

2. Materials and methods 

2.1. Materials 

Soybean oil and egg yolk containing 8 % (w/w) NaCl were purchased 
from a local store. The lipophilic oxidation-sensitive dye BODIPY 665/ 
676 and Cy3 dye were purchased from Thermo Fischer (Waltham, MA, 
USA). Alumina power (Alumina N—Super I) was obtained from MP 
EcoChrom (Eschwege, Germany). Fluorescent beads with a diameter of 
200 and 780 nm were purchased from ThermoFisher Scientific (Eugene, 
Oregon, USA) and Bangs Laboratories, Inc (Indiana, USA), respectively. 
Sodium acetate (MW: 82.03 g/mol), Acetic Acid (MW: 60.05 g/mol), 
and 2,2′-Azobis (2-amidinopropane) dihydrochloride (AAPH) were 
purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands). 

Ultrapure water (18.2 MΩ) was used and prepared using a Milli-Q sys-
tem (Millipore Corporation, Billerica, MA, USA). Dimethyl sulfoxide 
(DMSO) was purchased from Thermo Fisher (Waltham, MA, USA). 

2.2. Preparation of emulsions 

0.05 M of acetate buffer (pH 3.8) was prepared with sodium acetate 
(0.6 g) and acetic acid (2.6 g) in 1 L of ultrapure water. For the prepa-
ration of the continuous phase, egg yolk was mixed in the buffer with a 
concentration of 1 wt %. Stripped soybean oil was prepared using 
alumina powder to remove impurities and lipid-soluble antioxidants 
(Berton, Genot, et al., 2011). Briefly, 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 
the complete removal of the alumina powder. For providing a marker of 
lipid oxidation, 50 µM of BODIPY 665/676 was pre-mixed in the strip-
ped soybean oil before making emulsions. A coarse emulsion was first 
prepared by adding 10 wt % of stripped soybean oil to the continuous 
phase, and high-speed stirring was applied at 11,000 rpm for 1 min with 
a rotor-stator homogenizer (Ultra-turrax IKA T18 basic, Germany). Next, 
a fine emulsion was prepared by passing the coarse emulsion through 
either, (i), a lab-scale colloid mill with a gap width of 0.32 mm (IKA 
Magic Lab, Staufen, Germany), operating for 1 min at 26,000 rpm or, 
(ii), a microfluidizer (Microfluidics, Massachusetts, USA), equipped with 
a Y-shaped interaction chamber (F12Y; minimum internal dimension: 
75 µm), operating at 600 bars during three passes. During the operation, 
the colloid mill was cooled with water at 4 ◦C, and for the microfluidizer, 
the sample chamber was placed in an ice bath. Oxidization was induced 
by incubating 1 mL of emulsions at 40 ◦C with 5 mM of the radical 
initiator (AAPH) in the dark over two days. 

2.3. Cryo sample preparation 

Cryo-samples were prepared as follows: (i) Prior to the application of 
the sample, TEM grids were first surface plasma treated for 40 s using a 
Cressington 208 carbon coater to make the surface of the carbon TEM 
support film hydrophilic. Two different TEM grids were used in the 
experiments; either a 200 mesh Cu TEM grid with a R2/2 Quantifoil® 
carbon support film (Quantifoil MicroTools GmbH) or a 200 mesh Au 
TEM finder grid with a R2/2 Quantifoil® carbon support film 
(LFH2100AR2, AURION). (ii) Samples of either the fluorescent beads or 
emulsions were first diluted tenfold with buffer to control the density of 
oil droplets and provide more suitable conditions for cryo-TEM imaging. 
Then, 3 µl of the diluted samples were applied on TEM grids in an 
automated vitrification robot (Thermo Fisher Scientific Vitrobot™ Mark 
IV). Samples were blotted with a blotting time of 3 s and blot force of − 4 
and subsequently plunged into liquid ethane. Prior to further measure-
ments, all vitrified samples were stored in a grid box at 77 K in a liquid 
nitrogen tank. 

2.4. Optical setup of cryo-FM and cryo-TEM 

For cryo-FM measurements, a cryo-stage was purchased from 
LINKAM (CMS196M, UK), and a laser was obtained from Integrated 
Optics (MatchBox, 405, 520, and 638 nm, Lithuania). A square-core 
multimode fibre (0.39 NA, 150 × 150 µm square core), an iris 
(SM1D12D), a lens for the collimation (f = 50 mm, AC254–050-A), 
mirrors (BBE1-E02), a second lens (f = 250 mm, AC254–250-A), a 
dichroic mirror holder (DMF1/M), motorized Translation Stage for z- 
focusing (KMTS25E/M), and a tube lens (f = 200 mm, ITL 200) were all 
purchased from Thorlabs (Germany). A dichroic mirror (ZT532/640rpc- 
UF2) and a bandpass filter (ZET532/640 m-TRF) were obtained from 
Chroma (USA). The objective (100x, NA 0.90, WD 2.0 mm, MUC11900) 
was purchased from Nikon (Japan), and the camera (UI-3060CP-M-GL 
R2) from IDS (Germany). Vibration motors (MF-6318927, 
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MAKERFACTORY) were obtained from Conrad Electronic (Germany). 
Cryo-TEM imaging was conducted on the TU/e CryoTitan (Thermo 

Fisher Scientific), which was operated at 300 kV and is equipped with a 
Field-Emission Gun, a post-column Gatan Energy Filter (GIF, model 
2002) and a post-GIF 2k × 2k Gatan CCD camera (model 794). Cryo- 
TEM images were recorded at a nominal defocus of − 20 µm and − 5 
µm for nominal magnifications of 6500× and 24,000×, respectively. 

3. Results and discussion 

3.1. Design of the correlative cryo-FM and cryo-TEM platform 

For correlative imaging, here combining cryogenic fluorescence 
microscopy (cryo-FM) and cryogenic transmission electron microscopy 
(cryo-TEM), we developed the following workflow (Fig. 1). First, we 
prepared the vitrified samples described in Section 2.3 (Fig. 1a). Then, 
we transferred the vitrified specimen to the LINKAM cryo-stage and 
obtained cryo-FM images (Fig. 1b). The sample loading step is con-
ducted in the LINKAM cryo-stage, from a grid box to the loading station, 
then to the sample stage. The EM grid is inserted into the sample magnet 
clamp in the loading station, which is then loaded on the sample stage. 
The liquid nitrogen (LN2) reservoir is connected to the stage, keeping the 
temperature of the sample stage at 77 K. A list of the optical components 

for cryo-FM is given in Section 2.4, and the optical setup will be eluci-
dated in the next section. After the measurements in cryo-FM, we 
transferred the sample to cryo-TEM. Cryo-TEM is conducted on the same 
regions identified by cryo-FM. We used the holey carbon film to increase 
the contrast, and a brief explanation of cryo-TEM is provided in Fig. 1c. 
Accelerated electron beams generally travel through three sets of elec-
tromagnetic lenses (condenser, objective, and projection lenses) before 
the magnified image of a specimen is obtained (Kuo, 2007; van Huis & 
Friedrich, 2014). 

3.2. Implementation of a cryogenic fluorescence microscopy (cryo-FM) 
platform 

Fluorescence microscopy is often performed on inverted microscopes 
as this arrangement improves the stability of the optical setup and im-
poses less limitations on sample weight or height. Here, due to the need 
for having liquid nitrogen close to the sample to reach cryogenic tem-
peratures, an upright microscope configuration was built above a 
LINKAM cryo-stage (Fig. 2a). The laser is coupled in a square-core 
multimode fibre with vibration motors to obtain a homogeneous in-
tensity beam distribution. After the fibre, an iris (aperture) was placed to 
adjust the diameter of the beam. The laser beam is collimated with a lens 
and reflected by mirrors to an additional lens, which is inserted for beam 

Fig. 1. General workflow of cryogenic correlative light and electron microscopy (cryo-CLEM). (a) Fluorescence-labelled samples were first diluted and vitrified using 
plunge vitrification. Prior to vitrification, the TEM grid is first plasma treated to make the carbon surface hydrophilic. Then the diluted sample was applied, blotted 
with filter paper, and plunged into liquid ethane. These steps were conducted using a Vitrobot Mark IV (Section 2.3). The vitrified samples were stored in a grid box at 
77 K in liquid nitrogen before cryo-FM measurements. (b) The cryo-sample is loaded and kept at cryogenic temperatures using a LINKAM CMS196 cryo stage during 
cryo-FM measurements. After fluorescence imaging at 77 K, sample positions are mapped to retrieve the same position in cryo-TEM later. (c) The cryo-sample is 
loaded in cryo-TEM, and high-resolution images of the targeted area are obtained. To achieve higher TEM imaging contrast, holey carbon films were used. 
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expansion and wide-field imaging. Then, the laser beam is reflected via 
the dichroic mirror to the objective. We chose an air-immersion objec-
tive to minimize heat transfer between the objective and the sample held 
at cryogenic temperatures. In our experiments, we selected an air im-
mersion objective with a high NA of 0.9 and a long working distance of 
2 mm to reach the samples through the cryo-chamber (Fig. 2b). Focusing 
along the Z direction is controlled by the motorized translation stage and 
the XY position is controlled by an internal motorized stage imple-
mented in the LINKAM cryo-stage. The emission beam is collected with 
the same objective and passes through the dichroic mirror. A rubber 
tube was inserted between the sample and the covering part of the 
objective to minimize the temperature difference between the lid of the 
sample stage and the top side of the objective (Fig. 2c). Without the 
rubber tube, the objective’s top side was fogged due to the temperature 
difference leading to weakening of the fluorescence signal over time. In 
addition, this inserted rubber tube helped avoiding condensation of 
water vapor on the outside of the objective, thus preventing ice forma-
tion or contamination on the samples. Finally, the beam is focused onto 
an IDS camera using a tube lens. The picture of cryogenic fluorescence 
microscopy setup is described in the supplementary information 
(Fig. S1). 

For measuring the beam intensity distribution in absence of the cryo- 
stage, we used a fluorescent dye (Cy3). In brief, a 20 µl volume of a 1 µM 
dye solution was placed between two cover glasses and excited using 
40 W/cm2 laser intensity at 520 nm excitation. The uniform spatial 
distribution of the laser beam intensity was achieved by mode mixing 
the fibre with a small coin motor. Our homogeneous beam distribution 
has a width of 60 µm at FW90M (full width at 90 % of the maximum 

intensity) and 83 µm at FWHM (full width at half-maximum), thereby 
smaller than the size of a single grid square, ensuring that there is no 
further potential laser damage in other grid squares (Fig. 2d). The illu-
mination area does not extend over the metal grid bar, ensuring that the 
beam effectively illuminates only a single grid square. We note that 
illumination over the metal grid bar potentially causes heating and 
concomitant devitrification of the samples. 

In cryo-FM, the laser illuminates the samples on a TEM grid via the 
objective (Fig. 3a). The TEM grid is fixed in a grid holder connected to a 
metal bridge that is partially suspended in the coolant to maintain 
cryogenic temperatures. The TEM grid consists of many grid squares 
(Fig. 3b), covered with a carbon film that contains further holes where 
the samples are located (Fig. 3c). The width and height of a single 200 
mesh TEM grid square is 90 µm, with the spacing of the metal grid being 
30 µm wide. A side view of the EM grid shows the grid bar, the holey 
carbon film and the position of the vitreous ice layer containing the 
sample (Fig. 3d). The laser beam illuminates the sample, where care 
should be taken that heat transfer does not cause local devitrification of 
the sample. 

Based on the laser beam intensity distribution (Fig. 2d), the expected 
heat transfer can be estimated. Here, we have a homogenous intensity 
distribution that is convenient for estimating the total impact of heat on 
the samples. With a typical Gaussian beam profile, the region of high 
laser intensity is confined to the central area, which limits the field of 
view (FOV) to that area where fluorophores can be effectively illumi-
nated. In contrast, with a homogeneous beam distribution, the laser 
intensity is uniform across the entire FOV, allowing for a larger area to 
be illuminated effectively. It was previously shown that high laser power 

Fig. 2. Optical setup for cryogenic fluorescence microscopy (cryo-FM). (a) Schematic representation. The laser was coupled in via a square-core multimode fibre, and 
the iris was inserted after the fibre to adjust the beam size. Then, the beam is collimated with the lens and reflected by mirrors to the additional lens inserted for beam 
expansion and wide-field imaging. The beam is reflected via a dichroic mirror to the objective and illuminates the samples. The signal from samples is collected with 
the same objective and passes through the dichroic mirror. Then the beam is focused onto the camera using a tube lens. (b) The overview of the LINKAM cryo-stage 
and air type long-working distance (WD = 2.0 mm, NA 0.9) objective. The LN2 reservoir is filled with liquid nitrogen (LN2) supplying LN2 to the sample stage. (c) The 
rubber tube was inserted to minimize the temperature difference between the sample lid (bottom) and the top side of the objective (top). Additionally, the rubber 
tube helps avoiding condensation of water vapor on the outside of the objective and on the sample. (d) Homogeneous laser beam intensity distribution generated by a 
multimode fibre with vibration motors. The beam distribution has 60 µm of full width at 90 % of the maximum intensity (FW90M), which is smaller than the size of a 
single grid square. 
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could lead to the devitrification of the cryo-samples (Chang et al., 2014; 
Liu et al., 2015; Tuijtel et al., 2019). Tuijtel et al. numerically calculated 
the expected temperature distribution (Tuijtel et al., 2019) using a finite 
element method (FEM) (Coady, 2012). Together with the notion that the 
devitrification of samples occurs at local temperatures above 136 K 
(Schultz, 1988), Tuijtel et al. further showed that devitrification is more 
dependent on laser power than the illumination time. To prevent 
devitrification of the ice layer and damage from the local heating 
induced by the laser, we experimentally determined the optimal con-
dition for our cryo-upright microscopy setup. 

The cryo-prepared acetate buffer was illuminated at 638 nm exci-
tation wavelength for 1 min at different laser intensities calculated using 
the FW90M area square shape of 60 by 60 µm. The occurrence of 
devitrification, i.e., the presence of cubic or hexagonal ice crystals, was 
examined in cryo-TEM to verify the maximum allowable laser intensity. 
In addition, cryo-bright field microscopy with the internal LED lamp of 
the LINKAM cryo-stage was used to assess the damage after laser 
illumination. 

After 1 min of illumination at 55 W/cm2, the samples still had the 
vitreous ice layer intact (Fig. 4a). There was no devitrification and 
structural damage visible in cryo-TEM. Also, no difference was found in 
the cryo-bright field images after the illumination. At 330 W/cm2 laser 
illumination, devitrification of the ice layer was observed in cryo-TEM, 
indicated by the appearance of granular structures most likely being 
crystals of cubic ice (Fig. 4b). Additionally, we saw the disappearance of 
small particles in the cryo-bright field image, likely due to the local 
sublimation of the ice layer after laser illumination. Especially damage 
on the edges of the illuminated area was clearly visible which was 
approximately 60 by 60 µm in size matching the measured FW90M of 
60 µm (Fig. 4b). After the illumination with 1700 W/cm2 for 1 min, 
severe damage to the carbon films was seen, both in cryo-TEM and cryo- 
bright field microscopy (Fig. 4c). Further experiments were therefore 
conducted under vitreous conditions (< 55 W/cm2) to prevent damage 
and devitrification of samples. We note that absorption of radiation in 
the vitrified buffer (mostly water) on the carbon film is wavelength- 

dependent (Pope & Edward, 1997), so the damage from the laser can 
differ depending on the wavelength of illumination. 

3.3. Fluorescence imaging at cryogenic temperature 

Prior to the measurements of samples at 77 K, we first validated our 
microscopy setup by detecting fluorescence from fluorescently labelled 
beads of two different sizes (Fig. S2). Fluorescent beads were prepared 
on the TEM grid using plunge-freezing (Section 2.3). We confirmed that 
both 780 nm and 200 nm-sized FL beads were detectable in our cryo-FM 
image when illuminated with 40 W/cm2 at 520 nm laser excitation 
wavelength. 

For fluorescence microscopy measurements at cryogenic tempera-
tures, it is required to carefully select fluorescent dyes as they can show 
different characteristics at temperatures lower than room temperature 
(Tuijtel et al., 2019). For instance, cryogenic temperatures can reduce 
the photo-bleaching of fluorophores due to the lack of diffusion of small 
reactive molecules such as oxygen and/or hamper transformational 
changes of fluorophores which are often considered crucial steps of 
photodecomposition (Kaufmann and Hagen, 2014). Moreover, under 
cryogenic conditions, some fluorophores showed a higher photon 
budget per fluorophore compared to room temperature (Hulleman et al., 
2018). 

We prepared a model food emulsion with a microfluidizer incorpo-
rating the oxidation-sensitive dye, BODIPY 665/676, which we used 
earlier for studying lipid oxidation in food emulsions (Yang et al., 2020). 
BODIPY 665/676 shifts its emission wavelength from red to green upon 
reaction with lipid peroxyl radicals. As the dye has so far only been used 
at room temperature, its applicability for monitoring oxidation at 
cryogenic conditions (77 K) is currently unknown. After performing 
cryo-sample preparation and placing the samples on the cryo-FM plat-
form, the fresh and oxidized emulsions were illuminated at 638 nm with 
14 W/cm2 and 520 nm with 40 W/cm2, respectively, to detect 
non-oxidized and oxidized lipid droplets at 77 K. First, we measured the 
non-induced samples without dilution to check the appearance of 

Fig. 3. Schematics of TEM grid and expected partial heat transfer from laser illumination to the sample and TEM grid. (a) Picture of the TEM grid with the grid holder 
on the metal bridge. Due to parts of the metal bridge being partially submerged in LN2, the temperature of the samples during the measurements can be maintained at 
cryogenic temperature (77 K). (b) Schematic drawing of the TEM grid with a diameter of 3 mm featuring many grid squares. (c) Picture of a grid square. Each grid 
square is covered by a ~25 nm thin carbon film that has multiple holes with a 2 µm-diameter. The size of a single grid square is 90 by 90 µm, and the width of a grid 
bar is 30 µm for the used 200 mesh TEM grid. (d) Schematic side view of laser illumination on a single square in a TEM grid with applied samples. The laser beam 
(red) illuminates the vitreous sample (light blue), which is suspended by the holey carbon film (grey) on top of the grid bar (black). The expected partial heat transfer 
from the laser illumination (red) to the grid bar is schematically presented with orange arrows. We note that the vitreous ice layer is spanning the holes of the 
carbon film. 

S. Yang et al.                                                                                                                                                                                                                                    



Food Structure 40 (2024) 100365

6

fluorescence from BODIPY 665/676. In non-diluted emulsions, the 
packing of droplets is too dense to distinguish individual droplets 
(Fig. 5a & b). However, we could see a general decrease in red fluo-
rescence (excitation at 638 nm) and an increase in green fluorescence 
(excitation at 520 nm) of BODIPY 665/676 in oxidized emulsions at 

cryogenic temperatures. To observe the effect in individual droplets, we 
prepared tenfold diluted samples using the acetate buffer. Under the 
same laser excitation conditions, we could detect the BODIPY 665/676 
signals in individual droplets with non-oxidized (ex 638 nm) and 
oxidized (ex 520 nm) channels in the fresh (Fig. 5c) and oxidized 

Fig. 4. Optimization of the laser illumination intensity in cryo-FM. Acetate buffer (pH 3.8) is illuminated with a laser at 638 nm for 1 min (a) Images of vitreous ice 
layer after the illumination with 55 W/cm2. We found no signs of devitrification at high magnification in cryo-TEM and no visible damage to the ice layer in cryo- 
bright field microscopy (cryo-bright field) after laser illumination. (b) Images after the illumination with 330 W/cm2. The devitrified ice layer is visible, indicated by 
the appearance of granular structures most likely being crystals of cubic ice in cryo-TEM. In the cryo-bright field images, we noticed that the particles (see white 
boxes) moved away after the laser illumination. The red box indicates the damaged spot from the laser, approximately the same size as the measured FW90M (60 by 
60 µm). (c) Damaged samples after the illumination with 1700 W/cm2. Damage to the carbon film was clearly visible in cryo-TEM and cryo-bright field microscopy. 

Fig. 5. Detection of BODIPY 665/676 signals at cryogenic temperature (77 K) in non-diluted (a-b) and tenfold diluted emulsions (c-d) prepared with a microfluidizer. 
Samples are excited at 638 nm (14 W/cm2) and 520 nm (40 W/cm2) to detect non-oxidized and oxidized droplets. For obtaining oxidized emulsions, the samples 
were incubated at 40 ◦C over two days in the presence of 5 mM AAPH. The contrast between (a-b) and (c-d) was adjusted for better visibility. 
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emulsions (Fig. 5d). The data show that the shifted emission wavelength 
of BODIPY 665/676 upon oxidation can be measured not only at room 
temperature but also at cryogenic temperature. We note that oil droplets 
larger than the thickness of the embedding vitrified water layer will 
become oblate which leads, in some cases, to elongated droplets being 
visible. 

3.4. Interfaces of fresh and oxidized emulsions in cryo-TEM 

In our previous work, we showed increased protein aggregation upon 
oxidation in the continuous phase separated from whole emulsions 
(Yang, Takeuchi, et al., 2023). Specifically, we observed oxidation of 
low-density lipoproteins (LDLs), which is a main ingredient of egg yolk, 
by confocal microscopy at µm-scale and cryo-TEM at nm-scale. Here, we 
want to test, (1), whether proteins at the interface also aggregate upon 
oxidation and, (2), whether this protein aggregation at the O/W inter-
face is related to lipid oxidation within droplets or follows an indepen-
dent mechanism. 

To answer these questions, we first measured fresh and diluted model 
emulsions in cryo-TEM (Fig. 6). The fresh oil droplets show a smooth 
surface with LDLs (with a diameter of ~ 40 nm) (Anton, 2013; Anton 
et al., 2003) and granules from egg yolk being visible (Fig. 6a). On the 
other hand, phospholipids originating from LDLs and phosvitins are not 
observable in this sample as they are both thinly dispersed at the 
interface upon emulsification (Sirvente et al., 2007) and provide a 
contrast too low to successfully distinguish them at the interface. Upon 
oxidation, more aggregates and granules were observed at droplet in-
terfaces (Fig. 6b). This finding indicates that the proteins do not only 
aggregate in the continuous water phase as we showed earlier (Yang, 
Takeuchi, et al., 2023), but also at the oil-water droplet interface as seen 
in Fig. 6. It should be noted that we used here stripped oil devoid of 
components such as tocopherols. Further, we accelerated the oxidation 
by adding AAPH as an oxidation initiator. Despite of using AAPH, we 
expect that the observed aggregation is inherent to lipid oxidation in 

food-grade mayonnaise. We also note that droplets larger than 1 µm are 
present in the emulsions, but small droplets (< 500 nm) were passively 
selected for TEM imaging since these are less affected by flattening 
during plunge vitrification. 

3.5. Feasibility of cryo-correlative imaging in food oxidation studies 

Cryo-fluorescence microscopy (cryo-FM) can provide functional in-
formation such as lipid and protein oxidation (Yang et al., 2020), 
whereas cryo-transmission electron microscopy (cryo-TEM) provides 
structural information of proteins and potential aggregation upon 
oxidation (Yang, Takeuchi, et al., 2023). Correlating the information 
from cryo-FM and cryo-TEM is, however, not trivial (van Driel et al., 
2009). A major challenge is to find the same location in emulsions from 
cryo-FM and cryo-TEM. One option is to use finder grids that have each 
grid square marked by specific letters; thus, the same sample positions 
can be readily monitored in both cryo-FM and cryo-TEM. An alternative 
approach is to generate markers on the EM grid by devitrifying the ice on 
purpose using high laser intensities. This approach has the advantage 
that markers can be made on any type of grid. 

To show the feasibility of cryo-correlative imaging in food oxidation 
studies, the dilute emulsions were prepared on either a Finder/Au or a 
Copper/Quantifoil TEM grid. We first measured the fluorescence images 
of emulsions using BODIPY 665/676 in cryo-FM before imaging the 
same droplets in cryo-TEM. With the Finder/Au TEM grid, the droplets 
could be easily tracked based on the letter markers (Fig. 7a). With the 
Copper/Quantifoil TEM grid, a damaged artifact was intentionally made 
with high laser power (1700 W/cm2 at 638 nm excitation) on the grid 
(Fig. 7b). This approach enables tracking in cryo-TEM together with the 
asymmetric centre mark of the TEM grid (Fig. 7b inset). Again, this 
method was used to correlate the same oil droplets in cryo-FM and cryo- 
TEM. We confirmed that both methods are applicable for finding the 
same position in cryo-FM and cryo-TEM. 

We could detect individual oil droplets using BODIPY 665/676 in 

Fig. 6. Cryo-TEM images of fresh (a) and oxidized (b) model food emulsions prepared with a microfluidizer. For visual guidance, the oil droplets are highlighted in 
yellow. LDL particles and their aggregates are indicated by white and yellow arrows, respectively. For the oxidized samples, the emulsions were incubated at 40 ◦C 
for 2 days with 5 mM of AAPH. Cryo-TEM images in fresh and oxidized emulsions were acquired at magnifications of 6500 × (i and ii) and 24,000×(iii). A nominal 
defocus of − 20 µm and − 5 µm was applied for magnifications of 6500 × and 24,000×, respectively. Contrast and brightness were adjusted for better visibility. 
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cryo-FM and observe the same droplets in cryo-TEM (Fig. 7). However, 
resolving droplet interfaces consisting of protein granules in large 
droplets (> 500 nm) was not possible in cryo-TEM as the droplets were 
too large for the electron beam to penetrate. With common lab-scale 
emulsification methods such as colloid mills, microfluidizers, and 
high-pressure homogenizers, polydisperse emulsions are obtained in 
which the diameter of droplets ranges from 200 nm to 10 µm. Unfor-
tunately, the fluorescence signal of droplets, that would be small enough 
to be resolved in cryo-TEM, is too weak to be detected in the presence of 
large droplets. In cryo-FM, only bright 200 nm beads, but no small 
droplets, were detectable (Fig. S2). This limitation calls for a sample 
preparation procedure where, for polydisperse emulsions, small droplets 
are separated from larger ones. Such a procedure would rely on the 
assumption that emulsifier composition at the interface is not perturbed 
by a mild separation procedure. This assumption is typically valid in 
case of food emulsions in which emulsifiers are kinetically trapped at the 
interface (Berton-Carabin et al., 2018b). Another assumption of adopt-
ing such a procedure would be that small droplets have a similar 
coverage of proteins as larger ones. Alternatively, microfluidic emulsi-
fication can be used since it provides monodisperse emulsions (ten 
Klooster, Berton-Carabin, & Schroën, 2022). In recent pre-printed work 
(Yang, ten Klooster et al., 2023), we observed different protein oxidation 
behaviour at droplet interfaces for emulsions prepared with microfluidic 
emulsification and conventional emulsification using a colloid mill. This 
finding could be explained by different arrangements of protein emul-
sifier at droplet interfaces. Such experimental manipulation of emulsi-
fier arrangement opens an experimental route to deploy our cryo-CLEM 
workflow to investigate relation between protein coverage of droplet 
interfaces and the interplay of lipid and protein oxidation. 

4. Conclusions 

We demonstrated the first implementation of correlative imaging of 

cryo-FM and cryo-TEM for use in food oxidation studies. Experimental 
improvements in cryo-FM have been achieved, including the prevention 
of fogging, and tuning the size of the laser beam, thereby achieving a 
homogenous laser intensity distribution over the field of view of interest. 
Using cryo-TEM, we could observe more protein aggregates at the 
interface of oxidized emulsions than in fresh emulsions. Moreover, we 
showed lipid oxidation in cryo-condition by monitoring the spectral shift 
of BODIPY 665/676, thus opening the way for future cryo-correlative 
oxidation studies. We demonstrated the feasibility of correlative imag-
ing for lipid oxidation and protein structure changes at the oil-water 
interface upon oxidation. A current limitation of cryo-CLEM is that 
only small droplets (< 500 nm diameter) can be studied and that fluo-
rescence originating from nearby larger droplets needs to be avoided. 
Follow-up work on polydisperse emulsions and more realistic food sys-
tems will therefore either require a procedure to obtain a fraction of 
small droplets or an extended workflow utilising high pressure freezing 
(HPF) and cryo-microtomy that we outline in the supplementary infor-
mation (Fig. S3). We note that such procedures will not be required for 
mono-disperse small droplet distributions obtained by microfluidic 
emulsification. By comparing small droplets separated from poly-
disperse system with samples prepared using HPF and cryo-microtomy, 
cryo-CLEM will help to characterise the interplay between droplet 
coverage and lipid oxidation. 
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