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Optical microscopy is an indispensable tool to characterize the microstructure of foods at ambient conditions.
Depending on both the wavelength of light used to illuminate the sample and the opening angle of the micro
scope objective, the achievable resolution is limited to around 200 nm. This so-called classical diffraction limit
implies that smaller structural features cannot be resolved or separated from each other. As many food structures
are ultimately defined by the molecular interactions of single proteins or single molecules, the classical resolution
is insufficient to reveal structural details in the (tens of) nanometer range. Intriguingly, recent advancements in
imaging techniques originating mostly in the (biomedical) life sciences have been closing the gap, pushing the
resolution towards true molecular resolution. In this perspective, we want to highlight some of these emerging
techniques and provide an outlook on potential future applications.

1. Introduction
Electron and optical microscopy are two commonly applied modal
ities that allow researchers to investigate food structures with a reso
lution surpassing 1 µm (Auty, 2019). In transmission mode, electron
microscopy (EM) can provide access to nanometer length scales but
requires elaborate and invasive procedures for sample preparation.
Furthermore, EM imaging mostly takes place under non-ambient envi
ronmental conditions and has limited potential to study dynamic pro
cesses at time scales relevant for foods. Optical microscopy (OM) on the
other hand, is mostly performed at ambient conditions, is non-invasive
and can offer higher target specificities. Depending on both the wave
length of light and the numerical aperture of the microscope objective,
the achievable resolution is limited to around 200 nm. This limit, known
as the classical diffraction limit, implies that structural features that are
smaller cannot be resolved. To overcome this limitation, various fluo
rescence based super-resolution techniques have been developed that
are moving towards molecular resolution. Fluorescence based
super-resolution microscopy, often also referred to as nanoscopy, is
widely used in the life sciences to resolve structural features down to the
tens of nanometer range (Jimenez et al., 2020; Schermelleh et al., 2019).
Super-resolution microscopy is not yet widely applied in other scientific

areas, although applications in soft matter (Pujals, Feiner-Gracia, Del
canale, Voets & Albertazzi, 2019; Purohit, Centeno, Wypysek, Richter
ing & Wöll, 2019) and food sciences (Glover et al., 2019) have recently
been reported.
This perspective is aimed at providing a brief introduction into superresolution techniques with a specific focus on potential applications in
food research. We will first start with a general introduction into optical
microscopy, before discussing three point-scanning based superresolution approaches, namely STED, MINFLUX and Rescan. We will
then introduce a selection of camera-based approaches of singlemolecule localization microscopy (SMLM), namely PAINT, (f)PALM
and (d)STORM that are straight-forward to implement in existing
scientific-grade microscopes. We note that many more approaches have
been reported that achieve resolution enhancement compared to con
ventional (fluorescence) microscopy. These approaches can be classified
as (1) hardware-based approaches such as structure illumination mi
croscopy (SIM) reviewed in Heintzmann and Huser (2017), Prakash,
Diederich, Reichelt, Heintzmann and Schermelleh (2021), Wu and
Shroff (2018) and based on work by Gustafsson (2000) and (Heintzmann
& Cremer, 1999), and (2) software-based approaches such as
super-resolution optical fluctuation imaging (SOFI) (Dertinger, Colyer,
Iyer, Weiss & Enderlein, 2009) and super-resolution radial fluctuation

☆
Perspective paper for “Multiscale Simulations and Experimental Characterization of Foods” Online conference on 25 May-27 May 2021 organized by prof. dr.
Ruud van der Sman and prof. dr. John van Duynhoven, WUR.
E-mail address: johannes.hohlbein@wur.nl.

https://doi.org/10.1016/j.foostr.2021.100236
Received 15 June 2021; Received in revised form 1 October 2021; Accepted 3 October 2021
Available online 29 October 2021
2213-3291/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

J. Hohlbein

Food Structure 30 (2021) 100236

The conventional diffraction limit is given by d = λ/(2NA), where d
is a minimal resolvable distance, λ the wavelength of light and NA the
numerical aperture of the objective. The numerical aperture is con
nected to the refractive index n of the medium through which the light
travels and half of the total opening angle 2θ under which fluorescence
can be detected via NA = nsinθ. Using an oil-immersion objective
providing NA = 1.49 and using green light of λ = 550 nm the wave
length leads to a lateral diffraction limit of d = 185 nm under ideal
imaging conditions and perfect alignment.
To provide better sectioning capabilities along the optical axis and to
improve the signal to noise ratio, the commonly used arrangement is
confocal laser scanning microscopy (CLSM) (Fig. 1C). Here, the laser
light enters the objective collimated and is then focused to a diffraction
limited excitation spot in the sample plane. An additional optical
element, the pinhole, is placed in the first conjugated image plane
thereby efficiently blocking light originating from out-of-focus in the
sample plane. The fluorescence light can then be spectrally separated
further before being focused onto point detectors. In food research,
CLSM is a well-established technique allowing to study the stability of
emulsions and to observe dynamic changes in food structures (Auty,
2013; Blonk & van Aalst, 1993) as well as in correlative approaches with
scanning electron microscopy (Huang, Strobel, Rai, Jeoh & Nitin, 2020).

(SRRF) analysis (Culley, Tosheva, Matos Pereira & Henriques, 2018;
Gustafsson, Culley, Ashdown, Owen, Pereira & Henriques, 2016). For a
more detailed overview on these alternative strategies, the reader is
referred to (Schermelleh et al., 2019).
2. Principles of optical microscopy
The invention of optical microscopy in the 17th century allowed to
explore structures and objects that have features otherwise not distin
guishable by the naked human eye. The basic optical layout of a
(brightfield) microscope has remained surprisingly similar over time.
The sample is illuminated with a light source (e.g., a lamp or a laser), a
microscope objective is used to collect the transmitted light and a lens
projects an image on an eyepiece or a camera detector (Fig. 1A). By
tagging structures or entities such as molecules or proteins present in the
sample with selected fluorophores, we gain access to two distinctive
features of fluorescence-based optical microscopy: excellent specificity
and high achievable signal-to-noise ratio. Protein structures in food
matrices (Lundin et al., 2008), for example, can be imaged using fluo
rescently labeled antibodies targeting specific proteins. By choosing
fluorophores that emit in the red (low energy) spectral region, the
detected fluorescence can be separated from potential background in
tensity and autofluorescence in the blue (high energy) spectral region.
For the excitation of fluorophores, the use of lasers as monochromatic
light sources is preferred as a narrow spectral band of excitation allows
researchers to design dichroic mirrors and additional filters that maxi
mize the spectral range accessible to collect fluorescence from the
emitters. In widefield or epifluorescence microscopy (Fig. 1B), the laser
light is first collimated and then focused into the back focal plane of the
objective to maximize the area of illumination (10’s to 100 s of µm in the
x and y direction respectively for objectives with 60–100x magnifica
tion) in the sample plane. Emitted fluorescence from the sample is then
collected by the same objective making it possible to image
non-transparent samples. The red-shifted fluorescence passes the
dichroic mirror, which is reflective for the excitation wavelength of the
laser, before being again projected via a lens onto the camera. Notably,
this simple arrangement is sufficient for performing single-molecule
localization microscopy as we will discuss below.

3. Scanning-based super-resolution microscopy: STED,
MINFLUX and Rescan
3.1. Stimulated emission depletion (STED) microscopy
As discussed above, diffraction in optical microscopy limits the
conventionally achievable lateral resolution to around 200 nm. Over the
last 10–20 years, however, a myriad of different techniques has been
developed that shattered that barrier and nowadays allow to obtain
localization accuracies in the single-digit nanometer range. The first
technique, stimulated emission depletion (STED) was suggested more
than 25 years ago (Hell & Wichmann, 1994) and uses two lasers, one for
exciting the fluorophores in a cigar like diffraction limited volume and
another red-shifted laser for depleting the excited state of a fluorophore
in a volume that resembles a donut or torus which is enclosing the
Fig. 1. Overview on microscopy techniques.
(A) Conventional (transmission) bright field
microscopy. In the most basic setting, a lamp
illuminates the sample, and the transmitted
light is collected by an objective before being
projected via a lens onto a camera. (B) Fluo
rescence based widefield or epifluorescence
microscopy. Here, the laser light is focussed
into the back-focal plane of the objective
creating a larger spot in which fluorophores
present in the sample are excited. The flores
cence is then collected by the same objective
and send to a sensitive camera. This configu
ration is also used for single-molecule localiza
tion microscopy providing access to sub 50 nm
resolution as further discussed in the main text.
(C) Confocal laser scanning microscopy pro
vides diffraction limited resolution and good
sectioning capabilities. For scanning, either the
laser excitation beam is steered or the sample is
moved in x,y,z using piezo driven scanners.
(D–F) Schematic representations of the size of
the excitation focus in widefield / epifluor
escence microscopy (D), point-scanning
confocal microscopy (E), and stimulatedemission depletion microscopy (STED) (F).
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excitation spot (Hell, 2003). The donut shape is generated by placing a
0–2pi phase plate in the depletion laser beam and will result in an
effectively decreased excitation focus, as the stimulated fluorescence
emission that originates from within the depletion volume will have the
same wavelength as the wavelength of the depletion laser and can
therefore be effectively filtered out. In the center of the donut on the
other hand, the depletion intensity is zero and excited molecules will
relax to the ground state by spontaneously emitting fluorescence in the
spectral region native to each particular fluorophore. Applied to food
microscopy, (Glover et al., 2019) showed that the combination of STED
and correlative image analysis is sensitive enough to differentiate dairy
derived gels made from fresh or reconstituted milk. As the obtained
length scales of the protein domains were around 400 nm and larger, it
remains speculative, however, whether STED microscopy offered a sig
nificant advantage over conventional confocal microscopy in the study.
One of the cave-eats of STED microscopy is that the achievable res
olution scales with the light intensity of the depletion laser (Harke,
Keller, Ullal, Westphal, Schönle & Hell, 2008). To reach sub 100 nm
resolution, the infrared depletion laser often operates at orders of
magnitudes higher laser power than the excitation laser which could
lead to sample destruction and premature photobleaching. We recom
mend users to cross validate the structure of the sample against mea
surements in which the STED beam is switched off resembling
conventional confocal laser scanning conditions.

4. Camera-based single-molecule localization microscopy: (d)
STORM, (f)PALM, PAINT
4.1. From localizing single emitters to reconstructing images
Point-scanning based approaches such as STED and Rescan are well
suited for samples in which the degree of labeling is high and in which
the dynamics of the systems are slow compared to the time it takes to
acquire one image. For samples in which higher recording speeds or sub
50 nm localizations precisions are required, camera-based approaches
offer intriguing possibilities. Using highly sensitive cameras, which
nowadays achieve up to 95% quantum efficiency, the information from
many emitters can be simultaneously recorded at (full) frame rates
exceeding 10–100 Hz. Although camera based single-molecule detec
tion (Zhuang et al., 2000) or single-particle tracking (reviewed for bio
physical applications in Shen et al., 2017) have been around for longer,
super-resolution techniques have only been introduced around
2006/2007. To explore the context of SMLM, let us first consider fluo
rescently labeled antibodies a conventional way of labeling target pro
teins of interest in either biological samples or food matrices directly as
primary antibody (Fig. 2A) or indirectly as labeled secondary antibody
targeting an unlabeled primary antibody. An antibody with a size in the
order of 10 nm bears an organic fluorophore of around 1 nm size. After
excitation, the visible “size” of the emitter is given by its point spread
function (PSF) comparable with the diffraction limited spot size of
around 200 nm. Consequently, any underlying structure targeted by the
antibodies with features below the diffraction limit can not be resolved,
especially when most emitters are fluorescent at any given time (Fig. 2B)
and the target structure is densely labeled. If the distance between two
fluorophores is larger than the diffraction limit, individual emitters can
be identified (Fig. 2C). Imaged via a camera, the emission from a single
emitter is distributed over adjacent pixels (Fig. 2D). In our example, we
chose a 100x overall magnification of the objective/tube lens combi
nation leading with a physical pixel size of 10 by 10 µm on the camera to
an effective pixel size of 100 by 100 nm as present in the sample plane.
Histogramming the detected intensity of the emitter in x and y direction
allows one to fit the distribution with a Gaussian distribution to obtain
the position of the emitter with sub-pixel accuracy (Fig. 2D). As
demonstrated earlier, the approximation of the imaged emission pattern
by a Gaussian is valid (Stallinga & Rieger, 2010). Depending on the exact
model of the camera and the overall magnification of the microscope,
current cameras offer access to areas in the sample plane of around 100
by 100 µm thereby allowing the simultaneous detection of hundreds to
thousands of molecules (Fig. 2E).
For SMLM, the breakthrough came after researchers realized that
once conditions can be achieved under which fluorophores are tempo
rarily non-fluorescent, the subsequent localization of individual emitters
turning on and off allows resolving targeted structures below the
diffraction limit. All the implementations that we will discuss in the
following, including (d)STORM, (f)PALM and PAINT, follow the general
idea that in order to spatially resolve overlapping emitters bound or
binding to target sites, their emission needs to be separated in time.

3.2. Towards molecular resolution with MINFLUX microscopy
Inspired by the design of the donut shaped depletion beam, the Hell
group recently used a donut shaped excitation focus to localize single
emitters with sub 10 nm precision (Balzarotti et al., 2017; Gwosch et al.,
2020). This technique, called MINFLUX, tries to minimize to the photon
flux coming from single emitters by finding the position at which the
emitter would be in the center of the donut and therefore would not emit
any photons. In a MINFLUX experiment, conventional laser scanning or
camera-based widefield detection is used first to identify and localize
individual emitters with low precision. Then, by placing the exciting
donut beam repeatedly next and around the alleged position of the
emitter, the precision of the localization can be increased as positional
information from the steering of the beam and the consecutive response
on the emission intensity can be combined. In other words, MINFLUX
allows increasing localization precision by avoiding the detection of
photons, making this method extremely photon efficient. Despite recent
efforts to reduce the technical complexity of MINFLUX (Masullo et al.,
2020), the technique is not yet widely applied and no applications in
food microscopy have been reported.
3.3. Resolution improvement in confocal microscopy using Rescan
microscopy
Similar to STED, the Rescan approach allows researchers to over
come the diffraction limit without requiring the detection of individual
emitters. Based on ideas on image scanning microscopy introduced
earlier by Sheppard (1988) and Müller and Enderlein (2010), the
diffraction limited laser spot across the field of view is synchronized
with a second scanning mirror that reflects the collected fluorescence
under twice the original scanning angle onto a camera in Rescan mi
croscopy (Luca et al., 2013). This way, an improvement of a factor of
sqrt(2) in spatial resolution can be obtained with minimal technical
difficulties. We recently utilized Rescan microscopy to monitor the
mobility of nanoparticles in kappa-carrageenan gels (Martens et al.,
2020). A related commercial implementation titled Airyscan uses an
array of point detectors that replace the conventional pinhole enabling a
sqrt(2) increase in resolution and a better signal to noise ratio (Huff,
2015).

4.2. Stochastic optical reconstruction microscopy (STORM)
In the original implementation of 2D stochastic optical reconstruc
tion microscopy (STORM), a red Cy5 fluorophore would stochastically
switch from a fluorescent to a non-fluorescent state before being
switched on by exciting a green Cy3 fluorophore residing in close
proximity (nanometers) to the Cy5 (Rust et al., 2006). The concept was
quickly expanded to multicolor detection (Bates, Huang, Dempsey &
Zhuang, 2007) and 3D super-resolution microscopy (Huang, Wang,
Bates & Zhuang, 2008). For 3D SMLM, a cylindrical lens is placed in
front of the camera introducing aberrations in the imaging such that the
PSF is only circular when in focus, but elongated in x direction when
located below or elongated in y direction when located above the focus
3
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Fig. 2. Camera-based super-resolution micro
scopy. (A) Schematic of a fluorescently labeled
primary antibody binding to a target protein of
interest. To multiply signals further, fluo
rescently labeled secondary antibodies can bind
in multiple copies to a (unlabeled) primary
antibody. (B) In super-resolution microscopy,
conditions are desired in which only a subset of
fluorophores is fluorescent at any given time,
allowing the localization of individual emitters
rather than looking at overlapping emission.
For direct STORM, chemicals are added in the
buffer that promote on-off blinking of fluo
rophores. (C) Due to the diffraction limit of
200–250 nm for visible light, each single
emitter will distribute its fluorescence over
many pixels of the camera. However, by fitting
the projected intensity distributions with a
Gaussian function, the position of the emitter
can be determined with sup-pixel localization
accuracy. Note that each pixel here corresponds
to an area of 100 by 100 nm in the sample
plane. (E) Cameras containing millions of pixels
allow the simultaneous detection of many
emitters. Dedicated software first identifies re
gions of interest in which an emitter might
reside before performing the sub-pixel locali
zation within each region. (F) For SMLM, the
local density of fluorescently active molecules is
controlled via the laser excitation itself and the addition of thiol bearing chemicals such as mercaptoethylamine (MEA) that lead to dark states that can be recovered
by illuminating with UV or blue lasers. (G) In points accumulation for imaging in nanoscale topography (PAINT) microscopy, the on-off transitions of emitters are
achieved by, for example, a non-fluorescent chromophore Nile Red binding to a lipid droplet (or polar cell wall in bacteria) and turning fluorescent to allow the
localization of a single emitter before Nile Red photobleaches or diffuses back into solution. (H) In interface PAINT, fluorescently labeled polymers bind reversibly to
interfaces allowing their mapping with sub 50 nm resolution.

in the sample plane (Huang et al., 2008). The practicality of using a two
different interacting dyes for SMLM, however, was rather limited until
the reporting of direct STORM (dSTORM) in which conditions were
found that lead to a prolonged blinking of fluorophores such as Alexa
Fluor 647 (Heilemann et al., 2008) (Fig. 2F). To this end thiol bearing
chemicals such as mercaptoethylamine (MEA) or β-mercaptoethanol
(BME) (Dempsey, Vaughan, Chen, Bates & Zhuang, 2011) are added to
the buffer solution which will reversibly interrupt the pi-conjugated
system of the fluorophore. In addition to the red laser for excitation, a
violet/blue laser (e.g., 405 nm wavelength) can be used break the
formed non-fluorescent adduct allowing to repeat the cycle.

temporally occupied by fluorophores that diffuse in a buffer medium.
One frequently used dye is Nile Red, which is non fluorescent in water or
other polar solvents. Nile Red turns fluorescent once it encounters either
lipid bilayers cells (Floc’h et al., 2018), colloidal hydrogel networks
(Purohit et al., 2019), or, potentially, a lipid droplets in food emulsions
(Fig. 2G). It should be noted that in the mentioned cases, there are no
individual binding sites, but rather a fluid continuum with which Nile
Red or similar fluorophores interact. Upon direct interaction with the
continuum or via viscosity induced lower mobility of the dye, emission
of individual dyes can be detected until they photobleach or diffuse
away again, whereas a freely diffusing dye in solution would smear out
the emitted photons over too many pixels of the camera leading to no
discernable signal. The advantage of PAINT over fPALM and dSTORM is
that there is a virtually unlimited reservoir of fluorophores in the buffer
available such that photobleaching is rarely an issue.
Two relevant extensions of the PAINT methods shall be discussed
further. In interface PAINT (iPAINT, Fig. 2H), a photoactivatable fluo
rophore is linked to a polymer of interest that diffuses in solution and
that can bind to target interfaces of interest in complex soft materials
(Aloi, Vilanova, Albertazzi & Voets, 2016). This approach allows the
high-resolution mapping of surfaces with tuneable interaction strengths.
The second extension of the PAINT concept is DNA-PAINT, which en
ables excellent target specificity by using the complementarity and
tuneability of arguably Nature’s greatest molecule, DNA (Jungmann,
Steinhauer, Scheible, Kuzyk, Tinnefeld & Simmel, 2010; Jungmann,
Avendaño, Woehrstein, Dai, Shih & Yin, 2014). In DNA paint, a
non-labeled template strand is attached to a biomolecule or target of
interest. Complementary imaging strands that bear organic fluorophores
are present in solution and will temporarily bind to the target strand
emitting a strong fluorescent signal which can then be further analyzed
as discussed above. The number of complementary bases and the
sequence itself can be used to tune the binding time of the imaging
strand and enables multiplexing.

4.3. Fluorescence photo-activation localization microscopy (fPALM)
Whereas dSTORM requires the labeling of antibodies or structures
with blinking organic fluorophores, (fluorescence) photo-activation
localization microscopy (fPALM) uses genetically encoded photo acti
vatable or photo switchable fluorescent proteins making this approach
particularly suitable for live cell applications. In PALM (Betzig et al.,
2006; Hess et al., 2006), photoactivation by violet/blue laser (e.g.,
405 nm wavelength) switches the protein from a non-fluorescent to a
fluorescently active state. By controlling the intensity of the activation
light, the density of fluorescently active emitters in the field of view can
be controlled avoiding spatial overlapping of emission patterns. In
addition to fluorescent proteins, fPALM can also be applied with pho
toactivatable or photo switchable organic fluorophores (extensively
reviewed in Jradi & Lavis, 2019).
4.4. Pointillism for super-resolved imaging (PAINT)
The third class of SMLM techniques is called points accumulation for
imaging in nanoscale topography (PAINT) and was first reported by
Sharonov and Hochstrasser (2006). In PAINT, target binding sites are
4
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For an extensive overview on suitable software for SMLM data
analysis, the reader is referred to Sage et al 2015 and Sage et al 2019
with notable recent additions of spline fitting approaches (Ries, 2020)
and deep-learning based strategies (Nehme et al., 2020; Speiser et al.,
2020) for achieving highest localization precisions.
To push the resolution of SMLM further, recent publications
reviewed in Reymond, Huser, Ruprecht and Wieser (2020) introduced
the concept of modulation-enhanced localization microscopy in which
camera based SMLM is combined with the idea of monitoring fluores
cence intensities as a function of precisely shifted structured illumina
tion patterns. Conceptually similar to MINFLUX but with camera-based
detection, the different methods are SIMPLE (structured illumination
microscopy based point localization estimator, Reymond et al., 2019),
SIMFLUX (structured illumination microscopy flux (Cnossen et al.,
2020)), ROSE (repetitive optical selective exposure, Gu et al., 2019) and
ModLoc (modulated localization, (Jouchet et al., 2021)). Effectively, all
four methods achieve a resolution enhancement compared to SMLM by a
factor of 2 pushing the localization precision to less than 10 nm. Further,
as the localization precision scales with the square root of the photon
number (Mortensen, Churchman, Spudich & Flyvbjerg, 2010; Thompson
et al., 2002), the same resolution as in conventional SMLM can be ob
tained with 4 times less photons. This is of interest for applications, in
which either phototoxicity is a concern or in which longer lasting lo
calizations of single emitters are advantageous.

Fig. 3. 3D dSTORM microscopy (Jabermoradi et al., 2021). Pseudo volumetric
image representing 20 µm x 20 µm x 2.1 µm of an oil in water model emul
sion. The measured volume was 4 µm away from the cover glass. In the
emulsion, phosvitin resides at the droplet interface. We used fluorescently
labeled primary antibodies against phosvitin to map the interfaces in 3D with
the z-positions being color coded. The dashed lines represent the planes of the x,
z and y,z cross sections shown to at the bottom and to the left. Figure taken
from Jabermoradi et al. (2021).

5. Towards applications of SMLM in food microscopy
In the following we will briefly discuss three application areas in
which we foresee super-resolution imaging and single-molecule locali
zation microscopy to develop a profound impact: (1) Probing reactivity
and oxidation in complex food systems, (2) characterization of food
colloidal interfaces of droplets or supramolecular aggregates, and (3)
structural characterization of food biopolymer networks either by direct
visualization (staining) or indirectly with tracking diffusing entities.

turbidity of many food samples complicating optical imaging, we
implemented adaptive optics (reviewed in Booth, 2014). Here, using a
deformable mirror placed between the camera and the lens (see Fig. 1B
for the conventional layout), the shape of the intensity distributions of
single emitters (Fig. 2D) can be modulated such that the position of a
single emitter in a sample can be obtained in all three dimensions (x,y,z).
Further, adaptive optics allows for correcting optical aberrations in the
sample enabling more photons from the sample to contribute to the
image formation on the camera.
Recent work by (Foroutanparsa et al., submitted to this issue)
demonstrated dSTORM experiments using Alexa Fluor 647 labeled
secondary antibodies against primary antibodies specific to caseins to
visualize the pH dependent structural changes of colloidal casein mi
celles. Using dSTORM allowed to obtain the size distributions of micelles
featuring diameters below the classical limit of fluorescence microscopy,
further revealing that acidification resulted in smaller CMs with more
uniform sizes.

5.1. Probing reactivity and oxidation in complex food systems
Using conventional confocal laser scanning microscopy, we recently
mapped the oxidation of lipids and proteins in mayonnaises (Yang,
Verhoeff, Merkx, van Duynhoven & Hohlbein, 2020). We monitored
lipid oxidation with the lipophilic dye BODIPY 665/676, which changes
its emission from the red towards the green spectral region upon inter
action with radicals, and we monitored protein oxidation with emerging
autofluorescence in the blue spectral region. We showed that the
removal of lipid-soluble antioxidants from mayonnaise promotes lipid
oxidation within oil droplets as well as protein oxidation at the oil–water
interface. Furthermore, we showed that the presence of lipid-soluble
antioxidants determines whether ascorbic acid acts as a lipid antioxi
dant or pro-oxidant. Interestingly, we observed spatially heterogeneity
of protein oxidation at and nearby the oil–water interface. Although this
observation is in line with the heterogeneous distribution of lipoprotein
granules from egg yolk used for emulsification, future research using
SMLM techniques is expected to reveal more structural details of lipo
protein granules and their changes over time.

5.3. Structural characterization of food biopolymer networks
Complementary to super-resolution imaging techniques, monitoring
the diffusional characteristics of freely diffusing molecules, or more
general, single particles over time allows probing the characteristics and
interactions in biopolymer networks. Whereas single-particle tracking
fluorescence microscopy (sptFM) is widely used in the biomedical sci
ences (Jin, Xi, Wang, Zhang, Enderlein & Oijen, 2018; Shen et al., 2017),
common applications in the food sciences employ nanoparticle dif
fusometry mainly via ensemble techniques such as nuclear magnetic
resonance (NMR) or fluorescence recovery after photobleaching (FRAP,
Axelrod, Koppel, Schlessinger, Elson & Webb, 1976) as reviewed by de
Kort, van Duynhoven, Van As and Mariette (2015). We applied sptFM to
characterize coacervate micelles for probing biopolymer networks
(Bourouina et al., 2015) and, more recently, used fluorescently labeled
polymer beads of 28 nm diameter to reveal the spatial heterogeneity of

5.2. Food colloidal interfaces of droplets or supramolecular aggregates
To test the feasibility of super-resolution techniques in food micro
scopy, we applied 3D-dSTORM to map phosvitin, a ferric ion binding
protein present in egg yolk, at the oil-water interface of a food model
emulsion (Jabermoradi, Yang, Gobes, John Duynhoven & Hohlbein,
2021). We used commercially available, fluorescently labeled primary
antibodies against phosvitin. The chemically induced blinking of the
Alexa Fluor 647 allowed us to determine the radii of oil droplets as small
as 200 nm with sub 100 nm resolution (Fig. 3). To achieve imaging in
extended depths (micrometer depths) and to overcome the inherent
5
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κ-carrageenan gels (Fig. 4) (Martens et al., 2020). By following and
analyzing the movement of individual particles over time, we identified
a bimodal distribution of step lengths indicating a concentration
dependent obstructed diffusion of particles (large step lengths) as well as
particles trapped in dense regions (small step lengths). Using Rescan
microscopy, we could further show that the dense regions span sizes in
the 1 µm range. Whereas our current application of sptFM did not use
photo-switchable or photo-activatable entities as used in (f)PALM, their
use could allow to map spatial heterogeneity with higher resolution and
throughput. SptFM was also recently employed to evaluate the
temperature-induced coagulation of para-casein micelles (Thill,
Schmidt, Wöll & Gebhardt, 2020). The work showed that the aggrega
tion proceeds in two phases: aggregates form and grow steadily before
forming a coherent gel after a certain size threshold is reached.

an overview on the methodologies as well as some hands-on information
on labeling strategies (with the caveat being geared towards biomedical
applications, e.g., references (Jimenez et al., 2020; Schermelleh et al.,
2019)). (3) Super-resolution techniques such as STED and Rescan dis
cussed above, can be tested with the existing labeling schemes. Micro
scopy companies tend to be very interested in testing new applications
on their instruments. (4) In case, existing samples are fluorescently
labeled with primary or secondary antibodies, dSTORM microscopy is
straightforward to implement as soon as chemicals can be added that
promote blinking of fluorophores which underlines all SMLM ap
proaches. We recommend looking out for (local) colleagues or re
searchers in the biomedical field who have experience with
super-resolution microscopy.
6.2. Improving the accessibility and reach of single-molecule localization
microscopy

6. Discussion
We believe that super-resolution imaging methods and in particular
single-molecule localization microscopy can have a profound effect on
the quantitative characterization of food structures under ambient
conditions. We note that SMLM can further be complemented by small
angle neutron/X-ray scattering (SAS) that is frequently used for the
structural characterization of foods in the one- to several hundrednanometer-length scale, but lacks the possibility to directly visualize
the structure (Gilbert, 2019; Martinez-Sanz et al., 2019). For more on
SAS, see also to the contributions by Bouwman (video: https://doi.
org/10.5281/zenodo.5068030, and manuscript in this special issue,
“Multiscale structure analysis of food materials with neutron scat
tering”) and Gilbert (https://doi.org/10.5281/zenodo.5068061) to the
workshop “Multiscale Simulations and Experimental Characterization of
Foods” this special issue is dedicated to.
In the following, we will elaborate on the discussions of our contri
bution to the workshop (video available: https://doi.org/10.
5281/zenodo.5068059).

For a widespread adaptation of SMLM, further efforts are necessary
to remove existing bottlenecks. (1) Access to suitable microscopy
hardware. For the end user, commercially available solutions for superresolution microscopy are expensive (often 500k Euros and more) and
are currently targeted primarily towards the biomedical field. For aca
demic research, open microscopy frameworks such as the miCube could
provide a first alternative (Martens et al., 2019), but further improving
access and usability are required to lower the threshold. (2) Access to
suitable data analysis pipelines. Similar to the situation for microscopy
hardware, available software and analysis procedures have been
developed mainly for the life sciences. However, new emerging
computational frameworks can be used to learn and train arbitrary data
sets, which should help to mitigate some of the issues (von Chamier
et al., 2021; Möckl et al., 2020; Moen, Bannon, Kudo, Graf, Covert &
Valen, 2019). (3) Development of labeling strategies and suitable im
aging assays. Every new experimental method is only as good as the
available assays. Especially for fluorescence microscopy this requires
fluorophores and labels that generate target specific read outs. As ge
netic engineering to fuse fluorescent proteins to food-based proteins is
largely out of question, the availability of primary antibodies and,
ideally, smaller nanobodies that target, for example, plant proteins
(reviewed in Schumacher, Helma, Schneider, Leonhardt & Hack
enberger, 2018) will be crucial.

6.1. Practical steps towards super-resolved food microscopy
We suggest the following steps to researchers interested in exploring
the possibilities of super-resolution microscopy and single-molecule
localization microscopy for food microscopy. For simplicity, we as
sume here that anyone interested has already established a (model)
system containing fluorescent read-outs. (1) The first question should be
whether an increased resolution is likely to reveal further information
and details on the system under study. (2) If the previous question can be
answered with yes, we recommend reading further articles that provide

7. Conclusion
In this article, we presented a brief overview on optical superresolution microscopy and first specific applications in food

Fig. 4. Nanoparticle diffusometry (Martens
et al., 2020). Single-particle tracking fluores
cence microscopy in κ-carrageenan gels. (A)
Schematic representation of fluorescent probes
(red), embedded in a gel matrix (dotted lines).
These probes are capable of diffusion in the gel
matrix (arrows). A coarse network (light gray
region) allows for obstructed diffusion of the
fluorescent probes, while dense network re
gions (dark gray region) further decrease the
mobility of the probes. (B) Typical localization
(blue asterisks) and tracking (yellow-red
colored lines) overlaid on a raw microscopy
image. Shown here is single-particle-tracking of
28 nm diameter polymer probes in a 1%
κ-carrageenan gel with 200 mM NaCl, 20 mM
KCl. Highlighted regions are enlarged in (C).
(C) Examples of obstructed diffusing (top),
largely immobile (middle) or transitioning
(bottom) particles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Figure adapted from Martens et al. (2020).
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microscopy. Albeit currently in its infancy, we believe that superresolution microscopy has great potential for elucidating the structurefunction relationships that underly foods. Further collaboration be
tween different scientific fields will be essential to harness the full po
tential of imaging down to the molecular level.
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