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Sample preparation is the novel bottleneck for high throughput correlative light and
electron microscopy (CLEM). Protocols suitable for both imaging methods must
therefore balance the requirements of each technique. For fluorescence light
microscopy, a structure of interest can be targeted using: 1) staining, which is often
structure or tissue specific rather than protein specific, 2) dye-coupled proteins or
antibodies, or 3) genetically encoded fluorescent proteins. Each of these three
methods has its own advantages. For ultrastructural investigation by electron
microscopy (EM) resin embedding remains a significant sample preparation approach,
as it stabilizes the sample such that it withstands the vacuum conditions of the EM, and
enables long-term storage. Traditionally, samples are treated with heavymetal salts prior to
resin embedding, in order to increase imaging contrast for EM. This is particularly important
for volume EM (vEM) techniques. Yet, commonly used contrasting agents (e.g., osmium
tetroxide, uranyl acetate) tend to impair fluorescence. The discovery that fluorescence can
be preserved in resin-embedded specimens after mild heavy metal staining was a game
changer for CLEM. These so-called in-resin fluorescence protocols present a significant
leap forward for CLEM approaches towards high precision localization of a fluorescent
signal in (volume) EM data. Integrated microscopy approaches, combining LM and EM
detection into a single instrument certainly require such an “all in one” sample preparation.
Preserving, or adding, dedicated fluorescence prior to resin embedding requires a
compromise, which often comes at the expense of EM imaging contrast and
membrane visibility. Especially vEM can be strongly hampered by a lack of heavy
metal contrasting. This review critically reflects upon the fundamental aspects of resin
embedding with regard to 1) specimen fixation and the physics and chemistry underlying
the preservation of protein structure with respect to fluorescence and antigenicity, 2)
optimization of EM contrast for transmission or scanning EM, and 3) the choice of
embedding resin. On this basis, various existing workflows employing in-resin
fluorescence are described, highlighting their common features, discussing advantages
and disadvantages of the respective approach, and finally concluding with promising
future developments for in-resin CLEM.
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1 INTRODUCTION

The term “correlative microscopy” refers to the application of two
or more imaging techniques to an identical sample, and at the
exact same position, with the aim to combine the benefits of each
respective technique. It has become state of the art technology in
biomedical research (Su et al., 2010; Caplan et al., 2011; Jahn et al.,
2012; Loussert Fonta and Humbel, 2015; Howes et al., 2018).
Combining information from different methodologies to get a
holistic understanding of the object of investigation is a
fundamental concept in research, and was consequently
adopted by microscopists soon after the advent of the
transmission electron microscope (TEM). As early as 1944,
Dubin and Sharp investigated the effect of sample preparation
for TEM on the size of B. megatherium by means of correlating
light microscopy (LM) images of air dried bacteria with TEM
micrographs of the very same specimen (Dubin and Sharp, 1944).
In doing so, they stumbled across the two major challenges of
correlative microscopy: 1) how to prepare a sample such that it is
suitable for all projected imaging techniques, and 2) how to
relocate a region of interest (ROI) previously chosen with one
microscopy method for correlation in the following, usually
higher resolving microscope? And while science has since
witnessed immense further developments of both, microscopes
and sample preparation methods, these two challenges remain.
Although the two topics are not fully unrelated, it would go
beyond the scope of this review to discuss both, and we will focus
on the former aspect of sample preparation.

Light and electronmicroscopy are routinely used in the field of
life sciences. LM is an indispensable tool for biomedical research
due to its time-resolving imaging capabilities and its ability to
visualize individual proteins bymeans of immunofluorescence, or
genetically encoded tagging (Giepmans et al., 2006). Electron
microscopy (EM) perfectly complements LM, inasmuch as it
visualizes a structure of interest at the nm-scale, and within its
ultrastructural context. Consequently, the majority of correlative
microscopy applications are variations of what has become
known as “CLEM,” i.e., correlative light and electron
microscopy. Countless variations of the concept are possible,
allowing researchers to tailor a solution for basically every
question to be addressed by means of microscopy, be it on the
cellular level (Brown et al., 2009; Buser, 2010), for smaller
organisms (Kolotuev et al., 2012; Goetz et al., 2015), tissue
specimens (Wilke et al., 2008; Höhn et al., 2015), plants (Jahn
et al., 2012; Bell et al., 2013) and animals (Karreman et al., 2014),
at room temperature or cryogenic temperatures (Verkade, 2008;
Yahav et al., 2011), for two-dimensional (Polishchuk et al., 2000;
Giepmans et al., 2005; Keene et al., 2008) or three-dimensional
(3D) imaging (Lucas et al., 2012;Wacker et al., 2015; Fermie et al.,
2018). Indeed, there are so many possibilities, reflected by an ever
increasing number of publications in the past decade, that
recently an entire book chapter was dedicated to proposing
guidelines to help researchers choose a suitable approach to
CLEM (Scher and Avinoam, 2021).

EM requires high vacuum conditions to allow the electrons to
travel from the source to a target detector, en route interacting
with the sample. This imaging environment triggers a couple of

pre-requisites for imaging hydrated biological material, in order
to avoid sublimation of water and thus damage the specimen. To
observe the material in close to physiological conditions, water
(free, and partially also bound) must either be solidified,
i.e., vitrified and imaged under cryogenic conditions, or
removed. Specimen integrity has to be preserved under
controlled conditions, e.g., by critical point drying (Bray,
2000), or ultimately by replacing vitrified water with a vacuum
resistant substitute, i.e., embedding in resin. For the latter case
several aspects are to be considered:

- Water represents a major constituent of biological material
(Levitt and Gaudino, 1950; Reinoso et al., 1997; Ling, 2004).
Its removal must be carried out carefully to avoid
deformations or collapse of hydrated structures
(Figure 1A). To turn the biological material into a
vacuum resistant object, water is commonly substituted
by a solvent, which in turn is substituted by a liquid
resin, which is finally polymerized to form a solid sample.

- To maintain the ultrastructure during water substitution,
the specimen needs to be stabilized, either by chemical
fixation to create bonds between proteins, carbohydrates
and lipids, or by maintaining the specimen in a frozen state
after physical fixation, i.e., vitrification, such that the
biological material is stabilized until its solidification by
the resin.

- Finally, biological structures are mainly composed of
molecules containing light elements, such as carbon (C,
12 g/mol), hydrogen (H, 1 g/mol), oxygen (O, 16 g/mol),
and nitrogen (N, 14 g/mol), which renders them largely
electron transparent. What is more, embedding resins
consist of hydrocarbons, i.e., the identical light elements
(C, H, O), and it is therefore hard to differentiate between
biological material and surrounding embedding resin. To
compensate for this lack of contrast, decoration with heavier
atoms is commonly applied, e.g., using uranyl acetate or
osmium tetroxide, to locally stop or deviate electrons from
their trajectory and thus improve the resulting EM image.

This review summarizes the main strategies deployed over EM
history for imaging biological material at room temperature.
Cryogenic EM represents an independent research area and as
such is not topic of this review. Consequently, we will focus here
on the basic principles of sample fixation, contrast enhancement
and resin embedding, particularly with regard to multimodal
imaging strategies such as CLEM.

2 SAMPLE IMMOBILIZATION,
DEHYDRATION AND EMBEDDING: A
PRE-REQUISITE FOR ELECTRON
MICROSCOPY WITH CONSEQUENCES

The first step toward rendering a specimen suitable for EM is
immobilization, either chemically, or physically. This is followed
by dehydration. After chemical fixation, dehydration can be
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performed either at room temperature, or while progressively
lowering the temperature (Carlemalm et al., 1985; Robertson
et al., 1992), depending on the embedding resin to be used.
Physical fixation is followed by dehydration at temperatures
below the melting point of water in order to prevent
recrystallization of vitrified water, so-called freeze-substitution
(FS). Contrast enhancement, as well as staining or labelling steps
can be included at virtually every step of the process, as
discussed later.

Infiltration with aldehyde compounds is the most commonly
used standard for chemical fixation (Hayat, 1981). Aldehydes
react with proteins, and to a certain extent, also with lipids, to
create carbonyl bonds, which cross-link and thus preserve cellular
ultrastructure (Figure 1B). Several factors influence the cross-
linking reaction and with that the quality of the resulting fixation:
temperature, pH, type and concentration of the applied aldehyde

compound, optimal agitation and duration. The fixative locally
affects the pH of the specimen (and is influenced by local pH,
too), disturbing the ionic balance and affecting osmolality (Murk
et al., 2003). Fixation at lower temperature generally reduces
formation of artefacts, such as extraction of cellular components,
granularity of the cytosol, or volume changes (Collins et al., 1977;
Murk et al., 2003). However, infiltration speed and quality can be
negatively affected at low temperature, e.g., for dense samples,
while perfusion at room temperature is faster than in the cold
(Hayat, 1981). Agitation additionally improves perfusion.
Glutaraldehyde proved the most efficient and reliable, and
most widely applicable aldehyde compound for fixation of
biological specimens. It preserves ultrastructure best and
causes the least conformational protein changes. Formaldehyde
penetrates specimen faster than glutaraldehyde, but its reactions
with proteins are reversible and it can be removed by washing

FIGURE 1 | From a living fluorescent biological sample to an embedded specimen for light and electron microscopy, pitfalls and trade-offs. (A) Living matter is
essentially composed of water and proteins, lipids and carbohydrates. Protein functions are related to their structural shape, supported by several scaffolding proteins.
(B) During chemical fixation the sample is immobilized by cross-linking. The fixative, mostly aldehyde compounds, creates bonds between proteins, lipids and
carbohydrates. Diffusion and fixation efficiency is affected by the sample’s density and the pH of local sub-compartments. (C) In the following dehydration in
increasing concentrations of solvent, unbound fixative is progressively eluted together with the water bound in the sample. (D) The solvent is then progressively replaced
by resin and polymerization is initiated (by heat or UV polymerization). Depending on the type of resin, chemical bonds can be formed between sample and resin, which
provide complementary fixation. (E) Physical fixation, on the other hand, instantaneously and homogeneously immobilizes the entire sample, going from a hydrated living
state (H2OL) to a cryo-immobilized state (H2OS) in a matter of milliseconds. Ice crystal growth resulting in damage of the ultrastructure is prevented and the water
molecules remain in place. (F) The vitrified specimen is dehydrated in solvent at −90°C. The solvent substitutes the solid water, molecule by molecule. If chemical fixatives
are added, these are simultaneously diffused into the specimen. These fixatives become active only above −60°C. (G) Graphical legend. (H) The CLEM in-resin
fluorescence paradigm. Moving from the living, fluorescent sample to the ideal fixed electron microscopy material inevitably causes fluorescent protein quenching. The
ideal IRF protocol is a compromise between acceptable fluorescence loss to identify the protein of interest after resin embedding, and adequate ultrastructure
preservation and imaging contrast to achieve exploitable EM images.
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with water (Hayat, 1981; Newman and Hobot, 1993). Therefore,
combinations of both aldehyde types are widely used to combine
the positive effects of speed and cross-linking quality (Karnovsky,
1965). Glutaraldehyde is commonly used at a concentration of
0.5%–2%, and formaldehyde at 0.5%–4%. Higher concentrations
may cause severe shrinkage (Hayat, 1981). These aspects have to
be carefully balanced and adapted to the respective
specimen type.

With regard to preservation of antigenicity or fluorescence,
formaldehyde is to be preferred over glutaraldehyde.
Formaldehyde fixation preserves antigenicity and fluorescence
when applied in concentrations up to 5% (Betzig et al., 2006; van
Rijnsoever et al., 2008; Brown and Verkade, 2010; Hodgson et al.,
2014). Glutaraldehyde on the other hand causes auto-
fluorescence (excitation 540 nm, emission 560 nm). However,
this can be quenched by sodium borohydride without
quenching the target fluorescence of a fluorescent protein
(Tagliaferro et al., 1997; Clancy and Cauller, 1998). The auto-
fluorescence of aldehyde-based fixatives can even be favourably
employed, as sole source of fluorescence in biopsies to navigate
and choose a ROI at the LM level prior to targeted EM (Prior
et al., 1999).

Following fixation, the sample is dehydrated by progressively
diluting the contained water into a solvent (most commonly used:
ethanol or acetone) of increasing concentration (from 25% to
100%; Figure 1C). Primarily, free water in the sample is diluted,
and the water serving as a scaffolding for proteins, is progressively
replaced by solvent molecules. As solvent and water molecules
differ in size and properties, the proteins suffer some
conformational changes that alter in part their properties
(Buser and Walther, 2008). However, the initial fixation with
aldehydes compensates partly for this deformation. Following the
dehydration step, the solvent is then gradually replaced by resin,
which is finally polymerized (Figure 1D). A similar suboptimal
maintenance of the protein shape and properties as during
dehydration can be assumed at this step. This can again be
compensated for by the fixatives.

For physical fixation, the temperature of the sample is rapidly
(>2 K/ms) lowered below the crystallization point of water
(−135°C). This cryo-immobilizes the sample, and transfers the
contained water into a glassy state, the so-called vitreous water
(Figure 1E) (Moor, 1973; Riehle and Hoechli, 1973; Dubochet
et al., 1987). In this state, water density and organization is most
similar to its organization in liquid form, and therefore the
sample is (to date) considered to be preserved closest to its
native form. Maintaining the water in its solid form below the
recrystallization point for water, prevents water sublimation and
is the entry point to all cryo-EM workflows. For resin embedding,
the vitrified sample is then subjected to FS. Comparable to room
temperature dehydration, the sample is dehydrated in a solvent,
but at temperatures below, or close to −90°C. At this temperature,
the water molecules undergo conformational changes: from
amorphous below −135°C, to crystalline cubic, until crystalline
hexagonal form near −90°C. Frozen water remains solid until it is
substituted, locally, by the solvent (Hippe-Sanwald, 1993). The
dehydration process therefore does not cause extreme
movements of water, which could impact the ultrastructure.

As proteins and nucleic acids are insoluble in organic solvents,
replacing water by solvents will result in aggregation of biological
macromolecules. This aggregation cannot be avoided, but it can
be limited in size, accounting for the superior ultrastructural
preservation of FS compared to chemical fixation. This enables
reliable volumetric analyses or measurements. Removing the
hydration shell of proteins does not cause shrinkage, but
potentially causes conformational changes. However, this effect
can be limited at lower temperatures (Kellenberger, 1987).
Replacement of the solvent and resin infiltration can finally be
done at temperatures suitable for the resin of choice (Figure 1D).

Especially with regard to preserving fluorescence of genetically
encoded labels, protein collapse or denaturation has to be strictly
avoided (as discussed in detail in chapter 5). Prolonged exposure
to acetone during dehydration was identified as potential reason
for fluorescence loss, which was addressed successfully with
significantly shortened FS-protocols (McDonald and Webb,
2011; Peddie et al., 2014). Acetone is often preferred over
ethanol as dehydration medium during FS. It is described to
be less extracting on the cytoplasm and a mild fixative (Weibull
and Christiansson, 1986). However, it can impede polymerization
of acrylic resins. For optimal results, a transition from acetone to
ethanol prior to resin infiltration during FS is recommended
(Monaghan et al., 1998; Watanabe et al., 2011). To further
optimize ultrastructure preservation, fixatives can be added to
the solvents in low concentrations. As aldehydes are estimated to
become active only above −60°C (Wild et al., 2001; Buser and
Walther, 2008), they can be considered inactive and insensitive to
pH at the start of the substitution process (Figure 1F; Figure 1G).
They are homogeneously distributed in the sample together with
the solvent. Activation by slowly raising the temperature in the
course of the FS enables the use of much lower concentrations of
fixatives. Thus, artefacts associated with chemical fixatives, such
as extensive aggregation of bio-macromolecules, or shrinkage can
be minimized.

3 CHOICE OF THE RESIN TO PRESERVE
FLUORESCENCE

In addition to the aforementioned impact of fixation and
dehydration on the specimen, the nature of the resin is also of
importance for preserving fluorescence. Embedding in epoxy
resins, such as Epon, Durcupan or Spurrs, offers optimal
structural preservation (Luft, 1961; McDonald, 2007). But
these resins are cured at high temperatures, i.e., above 50°C,
which potentially causes protein denaturation (Lepock, 1997).
Moreover, they form chemical bonds with nucleophiles present in
proteins, which also results in denaturation of proteins. This
reduces antigenicity or, in the case of fluorescent proteins, the
ability to fluoresce (Causton, 1985; Matsko and Mueller, 2005).
On the other hand, it improves the homogeneity of the sample by
forming interpenetrating polymer networks, linking tissue and
resin. This accounts for the excellent cutting property of these
resins (Luft, 1961; Newman and Hobot, 1993). What is more,
epoxy resins exhibit an auto-fluorescence, predominant in the
“green” range of light (approx. 500–550 nm), which coincides
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with the maximum emission wavelength of commonly used
fluorophores, such as green fluorescent protein (GFP) (Zhou
et al., 2017; Fu et al., 2020).

Acrylic resins, e.g., HM20, K4M, GMA, LRWhite, or R221, on
the other hand, mostly react with themselves and form bonds
with proteins at sulphydryl and thioether sites only (Carlemalm
et al., 1985; Causton, 1985; Kellenberger et al., 1987).
Biomolecules are not incorporated into the polymer, and
therefore, acrylic resins form weaker links to the sample
material (Keene et al., 2008). The strength of these links, as
well as hardness and brittleness of the resin depend on the length
of the composing monomer chains (short with HM20 and K4M,
longer with R221), and the amount of applied crosslinker. As
bonds are formed only at the ends of each monomer chain, longer
monomer chains will result in a lower crosslink density
(Carlemalm et al., 1982). What is more, these resins have a
better tolerance of residual water in the embedded material. If
a specimen is not fully dehydrated, the remaining water content
maintains the scaffolding for proteins, and thus preserves their
conformation (Walther and Ziegler, 2002; Buser and Walther,
2008). In order to further enhance the stability of the biological
material during the embedding procedure, most acrylic resins are
designed for application at low temperature, i.e., below
approximately −20°C (Carlemalm et al., 1982). An important
aspect to be considered with respect to the preservation of
fluorescence or antigenicity is the pH of the resin. Several
acrylic resins are too acidic when used in the standard
formulation, and hence can cause substantial loss of
fluorescence (Watanabe et al., 2011; Zhou et al., 2017).
Nevertheless, proteins can be sustained in, or close to the
natural, hydrated state, which prevents conformational
changes. They are therefore more accessible for antigen
detection (Berryman and Rodewald, 1990; Hayat, 2002).
Additionally, the electron mobility in (fluorescent) proteins is
maintained, so that excitation and fluorescence emission remain
possible (Nixon et al., 2009). This makes acrylic resins the better
choice for fluorescence preservation.

4 CONTRAST ENHANCEMENT: A
NECESSARY EVIL?

The last important step for EM on resin-embedded materials is to
enhance the contrast of the structures of interest. Organic
materials consist mainly of low atomic number elements (such
as carbon, hydrogen, oxygen), and consequently such specimens
do not generate much electron scattering contrast in the EM.
What is more, embedding resins are composed of similar
elements with low electron density. And although it is
desirable for the embedding resins to produce little or no
background contrast, this underlines the necessity of contrast
enhancement, to visualize the biological specimen and
distinguish it from the resin. This is generally achieved by
staining with heavy metal compounds, with more or less
specific affinity for proteins or lipids. Contrast enhancement
steps can be carried out during, or after, fixation and (or)
during dehydration. It is interesting to observe that the

literature was very rich between the 1950s and 1980s with
efforts to highlight specific cellular compartments according to
their chemistry. Various heavy metal compounds were
investigated, with varying success. Hayat (1993) provides an
excellent collection of these findings. Of these tested staining
agents, only a few prevail and are used to date, the most common
being uranyl acetate and osmium tetroxide. At that time, EM
images were recorded on negative film and the target structures
were identified on the fluorescent screen of the EM. Since the
advent of more sensitive digital cameras, image recording has
become fast and straightforward in operation. Corrections can be
made live on the computer screen in order to optimize focus and
contrast. This, among other things, allowed researchers to reduce
the efforts put into optimizing staining procedures and
consequently, the vast majority have returned to standard
protocols based on uranyl acetate and osmium tetroxide.
However, osmium tetroxide is well-known to impair
fluorescence (Watanabe et al., 2011), this effect being
predominant with fluorophores emitting in the “green” range
of light (approx. 500–550 nm). Fluorophores emitting in the “red-
to far-red” range (approx. 630–750 nm) are less susceptible, or
even resistant to this impairment (Lucas et al., 2012; Lucas M. S.
et al., 2017; Fu et al., 2020). Uranyl acetate was demonstrated to
have a weak fluorescence, which can still be detected in resin-
embedded samples (Biel et al., 2003; Tuijtel et al., 2017). And,
although this effect can be neglected in the presence of strong
fluorescent labels, it still impairs the signal-to-noise ratio and
limits the detection of weak fluorescent signals.

In recent years, use of uranyl acetate is subject to tighter
legislation, which triggered a new search for alternatives (Inaga
et al., 2007; Yamaguchi et al., 2010; Nakakoshi et al., 2011; Hosogi
et al., 2015; Kuipers and Giepmans, 2020). However, as most of
these staining compounds are insoluble in organic solvents, their
application is reduced to room temperature embedding
procedures and poststaining of resin sections. An alternative
for FS applications remains to be discovered, and uranyl
acetate remains the gold standard.

A noteworthy aspect of any contrasting procedure is the fact
that the employed heavy metal compounds simultaneously act as
fixatives (Sabatini et al., 1963; Ginsburg and Wolosin, 1979;
Erickson et al., 1987; Hayat, 1993). This reinforces the primary
fixation, but concomitantly reduces a proteins’ ability to fluoresce
(Berryman and Rodewald, 1990; Nixon et al., 2009). Hence,
consensus has grown around the need to minimize fixatives as
well as contrasting agents in order to preserve fluorescence after
resin embedding (Biel et al., 2003; Nixon et al., 2009; Kukulski
et al., 2011; Lucas et al., 2012; Peddie et al., 2014; Delevoye et al.,
2016; Baatsen et al., 2021). For TEM applications, sensitive
detection systems (EMCCD, CMOS and direct electron
detectors) enable minimal use of uranyl acetate, at
concentrations below 1% in FS protocols, yielding impressive
image quality (Hawes et al., 2007). Unfortunately, improved
detection sensitivity is not the most critical parameter for
volume EM (vEM) approaches, such as serial blockface SEM,
focused ion beam-SEM (FIB-SEM), or array tomography. Upon
scanning the surface of a sample, electron charging builds up
rapidly, compromising iterative imaging approaches. To
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compensate for the charging, the conductivity of en bloc samples
can be increased by enhanced heavy metal staining (Deerinck
et al., 2010). While this has the additional advantage of increasing
the contrast in the EM, it entails the complete loss of fluorescence.
The recent development of a focal charge compensation
(Deerinck et al., 2018), significantly reduces the need for such
highly (over- ?) stained samples. Reducing the heavy metal salt
loading again offers the possibility to preserve the fluorescence.

5 ONE SAMPLE FOR ALL IMAGING MODES
OR THE IDEAL CLEM SAMPLE: MYTH OR
REALITY?
The basic concept of CLEM to investigate the exact same
structure with LM and EM was addressed by countless
approaches (Table 1). Many of them rely on staggered sample
preparation protocols, i.e., performing LM and EM separately,
one after the other, in order to maintain optimum conditions for
both LM and EM (Mironov et al., 2000; Sims et al., 2006; van
Rijnsoever et al., 2008; Knott et al., 2009; Lucas M. S. et al., 2017).
However, the ideal sample for CLEM would be suitable for all
imaging modes at once, i.e., the preparation should balance
preservation of fluorescence labels and heavy metal staining,
while avoiding structural changes to the specimen Figure 1H.
The emergence of integrated light and electron microscopes
(Timmermans and Otto, 2015) even made this a requirement.

So-called “in-resin fluorescence” (IRF) protocols, were
developed to meet this requirement. However, as pointed out
above, preserving fluorescence even after resin embedding is a
complex endeavour. Virtually every single one of the four
challenges, namely fixation, dehydration, contrasting and resin
embedding may impair the capacity of fluorescent proteins or
other labels to be excited and emit fluorescence. What the
majority of IRF protocols have in common: they base 1) on
cryo-fixation, e.g., HPF, 2) low-temperature, and in particular
incomplete dehydration, in order to preserve the hydration shell
of the proteins, and 3) a minimal use of contrasting agents for
EM, with osmium tetroxide even completely omitted in most
cases. This is followed by 4) embedding in acrylic resins which
have a low interaction with the sample.

5.1 Non-Specific Labelling for a
Morphological Ultrastructure Identification
One of the first approaches to allow LM and EM on an identical
sample was designed by Biel et al. (2003). They employed the
auto-fluorescence of uranyl acetate in resin-embedded tissue for
en bloc imaging using confocal laser scanning microscopy
(CLSM). A recent work further demonstrated the benefit of
uranyl acetate auto-fluorescence, which was observed to
increase significantly at low temperatures, i.e., below −100°C.
This auto-fluorescence detected in resin sections could be
matched precisely with the contrast obtained by TEM,
facilitating a “on-section” image registration (Tuijtel et al.,
2017). Biel at al. (2003) also included fluorescent dyes in
the staining and dehydration cocktail during FS. In this way,

high-pressure frozen samples could be fluorescently stained and
contrasted with uranyl acetate prior to resin embedding. The
resulting specimens were equally suitable for LM and EM, and
combined the excellent structural preservation provided by high-
pressure freezing (HPF) with staining for en bloc CLSM. Despite
the labelling not being specific, this technique allowed a detailed
overview of complex tissue samples using LM. The LM map was
then used to select a ROI within the resin-embedded specimen to
facilitate targeted ultramicrotomy for TEM. This approach paved
the way for what is today referred to as “in-resin fluorescence
protocols.” Later, we advanced this protocol for FIB-SEM
imaging (Figure 2B), using the fluorescent labelling as
guidance to identify the ROI for targeted FIB-milling (Lucas
et al., 2012). While Biel et al. (2003) had omitted any heavy metal
salts except for uranyl acetate, we again included osmium
tetroxide during FS, in order to enhance imaging quality and
contrast in FIB-SEM. Despite its well-known interference with
fluorescence, we found only minimal changes in fluorescence
signal distribution and intensity of the tested dyes, when
removing the osmium from the FS-cocktail at −50°C. Still, the
osmium staining did improve the visibility of cellular membranes
at the EM level as compared to using only uranyl acetate. Even
though this approach identifies a ROI based on the morphology
of fluorescent features rather than by specific labelling, it is easy to
implement and can be applied to nearly any specimen.

Besides their simplicity, a main benefit of these approaches is
the maintenance of specimen integrity. Potential damage to the
ultrastructure, e.g., due to permeabilisation to introduce stains,
are completely avoided, because all labels or stains are applied
only after HPF. The observation of the entire sample allows the
identification of a ROI prior to targeted ultramicrotomy, or FIB-
SEM milling and imaging. Karreman et al. developed a similar
strategy of global 3Dmapping of the readily embedded sample, by
using soft-X-ray imaging to relocate a ROI previously identified
in a living animal. However, this approach did not allow the
preservation of in-resin fluorescence (Karreman et al., 2016;
Karreman et al., 2017).

5.2 Genetically Encoded Labels
Efficient identification of a structure of interest is essential for
CLEM. Specific labelling and precise relocation of the labelled
structure across different imaging modalities therefore becomes
the pivot point. As discussed above, labelling may be altered
during sample preparation for EM. In its early stages of discovery,
GFP demonstrated a good tolerance to fixatives such as
formaldehyde and glutaraldehyde (Chalfie et al., 1994; Ward,
2006), although the latter fixative can cause imaging difficulties
due to its high auto-fluorescence. GFP was reported to denature
when dehydrated in pure, dried organic solvents (Ward, 2006).
As a result, its fluorescence is quenched, with the extent of the
quenching depending on the grade of dehydration. Luby-Phelps
et al. (2003) showed on aldehyde-fixed GFP-tagged
photoreceptors in the retina of zebrafish embryo that retaining
a specific fluorescence label is possible after incomplete
dehydration in organic solvents, and resin embedding. They
completely omitted heavy metal stains commonly used for
EM, and embedded the samples in LR White. Using one-µm
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thick sections, they could for the first time demonstrate
fluorescence detection from within the resin-embedded
material. This first proof that GFP fluorescence can indeed
survive EM sample preparation at room temperature was a
major breakthrough and the protocol was later successfully
adapted to maize tissue (Rizzo et al., 2016).

Independently, Walther and Ziegler demonstrated that FS of
vitrified specimens in solvents containing up to 20% water resulted

in improved ultrastructural preservation, and especially enhanced
the visibility of biological membranes (Walther and Ziegler, 2002).
FS in strictly dried solvents, on the other hand, resulted in
significantly reduced contrast and definition of membranes.
Putting two and two together, Nixon et al. (2009) made use of
this incomplete dehydration to combine the excellent ultrastructural
preservation of HPF/FS with preservation of GFP fluorescence in
HM20 embedded zebrafish embryo samples. Thismajor discovery of

FIGURE 2 | CLEM using IRF samples. (A) Array tomography. 100 nm thick serial sections of a human skin biopsy, high-pressure frozen, freeze-substituted with
uranyl acetate, osmium tetroxide and Safranin O, and embedded in HM20 were mounted on ITO-coated glass coverslips. This approach allows multiple on-section
labeling to complement IRF. The top subset was imaged by fluorescence LMwithout further staining, using the Safranin O signal introduced during FS, themiddle subset
shows on-section staining with Toluidine, and the subset of sections was stained with Dapi. Following LM, all sections were imaged by SEM at 2 kV using in-lens SE
detection. Combination of all images yields a volume that comprises multiple levels of information, ideal for in-depth characterization of complex biological structures.
Volume size (x-y-z): LM stack: 321.0 × 221.5 × 5.1 μm³, SEM stack: 226.4 × 170.0 × 5.1 μm³. (B) 3D CLEM of root nodule from mung bean (Vigna radiata), colonized
with nitrogen-fixing bacteria (B. japonicum). 200 μm thick sections were high-pressure frozen after degassing in 1-hexadecene, followed by FS and embedding in HM20.
The FS-medium contained uranyl acetate, osmium tetroxide and Acridine orange for fluorescent labeling of the bacteria. En bloc CLSM was performed to identify a ROI,
which was subsequently targeted by FIB-SEM. The CLSM and FIB-SEM volumes were merged using the Amira software package. The imaging plane of FIB-SEM is
perpendicular to that of CLSM. Volume size (x-y-z): CLSM 57.2 × 57.2 × 9.0 μm³, FIB-SEM 21.8 × 6.2 × 15.9 μm³. Figure adapted from Lucas et al. (2012) with
permission of Elsevier Ltd.
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the ability to preserve genetically encoded fluorescence after HPF
and FS, including EM staining, opened a new era in correlative
microscopy. IRF was used with high accuracy and relatively high
throughput to localize endocytosis in yeast (Kukulski et al., 2011).
Since then, the technique has been applied to a wide range of
biological questions. IRF is a highly versatile tool, and can be
combined with the follow-up EM method of choice. A staggered
approach employed consecutive sections, starting with relatively
thick sections (i.e., 300 nm) for LM in order to improve detection
of IRF and target the structure of interest for TEM, which was then
performed on 50–70 nm thin sections (Delevoye et al., 2016).
Bypassing the consecutive sectioning approach and directly
analysing the thicker sections by electron tomography, moved
IRF applications into the third dimension (Kukulski et al., 2012;
Bissig et al., 2017). The combination with live cell imaging prior to
HPF makes IRF an even more versatile and powerful tool, enabling
even the study of dynamic processes (Heiligenstein et al., 2014; Ripoll
et al., 2018).

IRF was also employed in CLEM approaches based on vEM, to
make use of the larger field of view and stable, automated
acquisition methods for volume data (Peddie and Collinson,
2014; Titze and Genoud, 2016). The fluorescence signal can
e.g., be used to screen serial sections, so-called arrays, and
identify a ROI for high-resolution SEM, a technique dubbed
“array tomography” (Micheva and Smith, 2007; Wacker and
Schroeder, 2013). To reduce charging artefacts during SEM
imaging, the arrays are mounted onto conductive supports
such as silicone wafer, or indium tin oxide (ITO)-coated glass.
The latter being transparent, makes it advantageous for LM
(Lucas et al., 2012). These arrays can be stored and re-
investigated, as well as further stained or contrasted, making
array tomography highly suited to localize rare cellular structures
or events in complex tissue samples (Micheva et al., 2010; Oberti
et al., 2010; Burel et al., 2018; Lane et al., 2022). Analogous to
approaches described in the previous subchapter, Höhn et al.
(2015) detected mCherry-labeled virus particles by en bloc CLSM,
prior to acquisition of volume data by FIB-SEM. The
development of the “ultraLM” and “miniLM” allows
fluorescence detection from within a resin block to be directly
combined with ultramicrotomy applications (Brama et al., 2016).
The “ultraLM” is directly mounted onto a standard
ultramicrotome to locate and follow fluorescent target
structures while trimming. The “miniLM,” an add-on to a
serial-blockface SEM, presents an integrated solution for
consecutive detection of fluorescence signal and recording of
blockface scans for vEM data in a single instrument. Another
highly sensitive microtome-integrated microscope solution
monitors the fluorescence in sections floating in the diamond
knife boat directly after cutting. Here, hydration of the sections
additionally promotes the fluorescence, which is used to identify
sections of interest for further analysis (Lemercier et al., 2017).

5.3 Non-Genetically Encoded Specific
Labels
For historical reasons, GFP, RFP and mCherry are the most
commonly used fluorescent proteins, although they often show a

low quantum yield and a low brightness (Wall et al., 2015;
Prangsma et al., 2020). Fluorescent dyes, such as i.e., Alexa
dyes on the other hand are very bright, and tolerate fixation,
dehydration and resin embedding very well. Associating them to
a specific and physiological label yields a reliable tool for CLEM.
Delevoye et al. (2016) for instance, added a transferrin protein
coupled to an Alexa-dye to the culture medium of HeLa cells
prior to HPF and subsequent processing. The internalized
transferrin labelled the endocytic pathway homogeneously and
produced a very bright fluorescence signal in resin sections. This
served as a guide to identify the most promising phenotype, and
locate the fainter fluorescent signal obtained from a genetically
encoded mutant. As another example, phalloidin coupled to
Alexa dyes can be included in the FS cocktail for pre-
embedding specific labelling of actin (Lucas et al., 2012).

It is noteworthy, that besides using genetically encoded tags,
additional on-section staining with other specific labels can be
performed to complement IRF and aid navigation between LM
and EM (Figure 2A). Nucleic stains such as DAPI or Hoechst can
be easily applied on sections, both on SEM and TEM sample
supports. These specific, intercalating dyes can still interact with
chromatin in resin-embedded samples, and yield a bright and
stable fluorescent signal (Lucas et al., 2012; Delevoye et al., 2016;
Lane et al., 2022).

5.4 Optical Super-Resolution Comes Into
Play
With super-resolution LM becoming widely available, efforts
were also made towards super-resolution CLEM to close the
resolution gap between fluorescence LM and EM. Super-
resolution LM can be well implemented on resin sections
mounted on ITO coated glass slides as used for array
tomography. However, this requires specialized labels, which
remain photoactivatable even after resin embedding, and if
possible also tolerate EM contrasting agents (Kopek et al.,
2017). First approaches were made based on chemical fixation.
Betzig et al. (2006) correlated photoactivated localization
microscopy (PALM) and TEM using chemically fixed cryo-
sections. Stimulated emission depletion (STED) microscopy
and PALM on resin-embedded samples was then
demonstrated by Watanabe et al. (2011), using the fluorescent
proteins citrine and tdEos. Paez-Segala et al. (2015) reported the
photoconvertible Eos fluorescent protein to fluoresce and
photoconvert normally in samples treated with osmium
tetroxide, and embedded in acrylic resin. Another variant of
the “Eos protein family,” mEosEM, even tolerates embedding in
epoxy resin (Fu et al., 2020). In-resin super-resolution
microscopy for standard fluorescent proteins such as mGFP,
mVenus and mRuby2 after cryo-fixation and FS, was
established by Johnson at al. (2015). They showed that single
molecule photo-switching can be detected from HM20-
embedded specimens containing fluorescent proteins when
mounting TEM sections in a glycerol-based mounting
medium. With this single molecule localization microscopy
approach they achieved a structural resolution of approx.
50 nm in fluorescence microscopy. That some fluorescent
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proteins show the blinking behaviour employed for single
molecule localization microscopy also in dry mounted resin
sections, and even under vacuum conditions was discovered

by Peddie et al. (2017). In vacuo single molecule localization
microscopy allowed them to take advantage of an integrated light
and SEM setup to directly acquire both, super-resolution LM and

TABLE 1 | Fluorescent labels for IRF.

Label name Demonstrated for Highlighting Application References

In the freeze-
substitution

On-section labeling

Non-specific labels
1.8 ANS Mammalian tissue Collagen and/or elastic fibers ✓ Biel et al. (2003)
Acridine orange Mammalian tissue Nuclei, cytoplasm ✓ Biel et al. (2003)

Cultured cells, bacteria Cytoplasm, nuclei ✓ Lucas et al. (2012)
Bodipy 560 Mammalian tissue Nuclei, cell membranes ✓ Biel et al. (2003)
DCVJ Mammalian tissue Nuclei, collagen and/or elastic

fibers
✓ Biel et al. (2003)

DiD Mammalian tissue Lipophilic domains, cell
membranes

✓ Biel et al. (2003)

Cultured cells Lipophilic domains, cell
membranes

✓ Lucas et al. (2012)

DiIC18 Mammalian tissue Lipophilic domains, cell
membranes

✓ Biel et al. (2003)

Cultured cells Cell membranes ✓ Lucas et al. (2012)
DiOC6 Mammalian tissue Cytoplasm (lipophilic domains) ✓ Biel et al. (2003)
Nile blue sulfate Mammalian tissue Nuclei, cytoplasm, collagen,

elastic fibers
✓ Biel et al. (2003)

Model organisms, e.g., C.
elegans

Cytoplasm, cell membranes ✓ Lucas et al. (2012)

Cultured cells Nuclei, cytoplasm,
cytoskeleton*

✓ Lucas et al. (2012)

Nile red Cultured cells Nuclei, cytoplasm ✓ Lucas et al. (2012)
Oregon Green Mammalian tissue Nuclei, collagen, elastic fibers ✓ Biel et al. (2003)
Safranin O Mammalian tissue Nuclei, cytoplasm, collagen,

elastic fibres
✓ Biel et al. (2003)

Cultured cells Nuclei, cytoplasm ✓ Lucas et al. (2012)
Model organisms, e.g., C.
elegans

Nuclei, cytoplasm, cell
membranes

✓ Lucas et al. (2012)

Plant tissue Entire tissue, unspecific ✓ Lucas et al. (2012)
Syto 24 Cultured cells Entire cell, unspecific ✓ Lucas et al. (2012)
Syto 83 Cultured cells Entire cell, unspecific ✓ Lucas et al. (2012)
Sytox Green Cultured cells Entire cell incl. membranes,

unspecific
✓ Lucas et al. (2012)

Tannin Mammalian tissue Nuclei ✓ Biel et al. (2003)
Uranyl acetate Any type of biological

specimen
Entire tissue or cell ✓ ✓ Note the temperature

dependency!
(Biel et al., 2003; Tuijtel
et al., 2017)

Specific labels
Dapi Any type of biological

specimen
Nuclei ✓

Hoechst Any type of biological
specimen

Nuclei ✓ Delevoye et al. (2016)

Phalloidin
Alexa 488

Cultured cells and
mammalian tissue

Cytoskeleton ✓ Lucas et al. (2012)

Genetically encoded tags

Standard IRF Super-resolution LM References

Citrine ✓ Watanabe et al. (2011)
GFP/mGFP ✓ ✓ (van Rijnsoever et al., 2008; Nixon et al., 2009; Kukulski et al., 2011; Johnson et al.,

2015; Delevoye et al., 2016; Bissig et al., 2017; Peddie et al., 2017; Burel et al., 2018;
Ripoll et al., 2018)

mCherry ✓ ✓ (Höhn et al., 2015; Ripoll et al., 2018)
mEos-derivatives ✓ (Watanabe et al., 2011; Paez-Segala et al., 2015; Kopek et al., 2017; Fu et al., 2020)
mRuby2 ✓ Johnson et al. (2015)
mVenus ✓ Johnson et al. (2015)
YFP ✓ (Heiligenstein et al., 2014; Delevoye et al., 2016)

Table adapted from Lucas et al. (2012) with permission of Elsevier Ltd.
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SEM images on the same resin section. As the sample is not
moved between the two imaging modalities, it allows a direct and
precise overlay of the LM and EM images, and thus overcomes the
problem of relocating a ROI after imaging in separate
microscopes.

6 FUTURE PERSPECTIVES

The major disadvantage of minimizing the heavy metal staining in
order to preserve fluorescence in resin-embedded specimen is the
compromise on EM imaging contrast, i.e., visibility of key features
such as membranes. To overcome this, routine poststaining
procedures, e.g., involving Reynold’s lead citrate and aqueous
uranyl acetate, can be applied on sections to improve imaging
contrast for TEM, or (serial) section SEM. It seems reasonable to
add this step after fluorescence imaging, to avoid artefacts, caused by
the auto-fluorescence of uranyl acetate. However, the penetration
depth of poststaining agents into resin is limited (Hayat, 1993).
Especially the commonly used uranyl acetate produces a detectable
concentration gradient in depth already in sections of 300 nm
thickness, while lead citrate showed a homogenous distribution
throughout the section (Tranfield et al., 2014). This can have
adverse effects especially for electron tomography applications.
The recent improvements in TEM detector sensitivity may even
make poststaining obsolete (Faruqi and McMullan, 2011; Clough
et al., 2014; Fermie et al., 2020; Levin, 2021). For integrated
microscopy solutions (Agronskaia et al., 2008; Liv et al., 2013;
Brama et al., 2016), as well as for en bloc vEM applications,
however, poststaining is impossible. Especially for vEM, imaging
contrast remains a critical factor, as it mostly relies on the detection
of backscattered electrons, and therefore requires contrasting by
heavy metal compounds. Efforts are ongoing to improve those
detection systems, too. Retarding (or deceleration) fields applied
between electron objective lens and sample have been shown to
improve imaging contrast in SEM and FIB-SEM, and therefore allow
the reduction of heavy metal staining (Lane et al., 2021). Lately, Vos
et al. (2020) have successfully applied a retarding (or deceleration)
field in an integrated fluorescence and SEM setup.

Besides technological improvements, new labelling
approaches are being explored. Moving away from fluorescent
proteins, or other classical fluorescent labels for LM, several
attempts were made to utilize nano-diamonds and nano-
crystals as probes for CLEM (Hemelaar et al., 2017; Keevend
et al., 2020). These labels retain their fluorescence even after
treatment with osmium tetroxide and resin embedding. Besides
being fluorescent, and well detectable in the SEM via their back-
scattered electron signal, they also exhibit cathodoluminescence,
which enables a new form of integrated microscopy for
simultaneous imaging. To date, these probes are quite large in
size (40–70 nm), which limits their application due to artefacts
associated with incorporation into cells. The strong fluorescent or
cathodoluminescence signals of these probes, as well as those
of quantum-dots (Giepmans et al., 2006), have the large
advantage that they can be well detected also against the

background-fluorescence of epoxy resins. This again opens up
possibilities for room temperature embedding approaches.

Alternative EM stains, such as lanthanides, platinum blue or
Oolong tea extract have been investigated as potential replacement
for uranyl acetate (Sato et al., 2003; Inaga et al., 2007; Hosogi et al.,
2015). And although so far none of these substances can fully replace
uranyl acetate, some are routinely used for EM sample preparation
(Kremer et al., 2015). Lately, a more promising candidate has been
proposed: neodymium acetate (Kuipers and Giepmans, 2020). Even
though neodymium is still a heavy metal compound and is insoluble
in solvents, its full potential remains to be explored, also with respect
to CLEM. In general, contrasting agents with low chemical activity are
of interest, and uranyl acetate remains to date the best compromise,
providing a gentle stabilization of proteins, and good imaging
contrast, while exhibiting a low auto-fluorescence at room
temperature.

With respect to the dehydration medium, acetone is
commonly preferred over ethanol (Humbel and Schwarz,
1989; Monaghan et al., 1998; Wild et al., 2001; Walther and
Ziegler, 2002; Biel et al., 2003; Giddings, 2003; Hawes et al., 2007).
However, the lower melting point of ethanol (−117°C vs. −95°C
for acetone), as well as the higher polarity of the solvent could be
worth exploring with regard to the preservation of fluorescence
(Walther and Ziegler, 2002; Buser and Walther, 2008).

Another addition to the IRF toolbox is the newly developed
embedding resin R221 (Heiligenstein et al., 2021; Jansen et al.,
2021). This acrylic based resin was developed to reduce electron
charge accumulation at the surface of the resin block. Initial
results demonstrate high EM imaging contrast, even with very
low concentrations of uranyl acetate staining (0.05%UA, with the
addition of 5% H2O), allowing preservation of bio-fluorescence,
while displaying fine contrast at high resolution in EM.

Altogether, the last decade witnessed the emergence of
several innovative tools to reduce the gap between LM and
EM using resin-embedded samples. Imaging the exact same
sample with multiple microscopy techniques bears such great
scientific potential that multiple solutions were developed
independently. In the coming years, it can be expected that
the increasing demand for CLEM will see a combination of all
these tools into one single pipeline to achieve high throughput,
at high speed, and high accuracy analysis of multiplexed
samples.
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