
REVIEW

Fluorescence CLEM in biology: historic developments and
current super-resolution applications
Koen van den Dries1, Jack Fransen1,2 and Alessandra Cambi1

1 Department of Cell Biology, Radboud Institute for Molecular Life Sciences, Radboudumc, Nijmegen, The Netherlands

2 Microscopic Imaging Center, Radboud Institute for Molecular Life Sciences, Radboudumc, Nijmegen, The Netherlands

Correspondence

A. Cambi, Department of Cell Biology,

Radboud Institute for Molecular Life

Sciences, Radboudumc, Route 283 Cell

Biology, Geert Grooteplein 26/28, 6525 GA

Nijmegen, The Netherlands

Tel: +31 (0)24 361 43 29

E-mail: alessandra.cambi@radboudumc.nl

(Received 14 February 2022, revised 24

May 2022, accepted 25 May 2022, available

online 17 June 2022)

doi:10.1002/1873-3468.14421

Edited by Jan Borst

Correlative light and electron microscopy (CLEM) is a powerful imaging

approach that allows the direct correlation of information obtained on a light

and an electron microscope. There is a growing interest in the application of

CLEM in biology, mainly attributable to technical advances in field of fluo-

rescence microscopy in the past two decades. In this review, we summarize

the important developments in CLEM for biological applications, focusing on

the combination of fluorescence microscopy and electron microscopy. We first

provide a brief overview of the early days of fluorescence CLEM usage start-

ing with the initial rise in the late 1970s and the subsequent optimization of

CLEM workflows during the following two decades. Next, we describe how

the engineering of fluorescent proteins and the development of super-

resolution fluorescence microscopy have significantly renewed the interest in

CLEM resulting in the present application of fluorescence CLEM in many

different areas of cellular and molecular biology. Lastly, we present the pro-

mises and challenges for the future of fluorescence CLEM discussing novel

workflows, probe development and quantification possibilities.
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Correlative light and electron microscopy (CLEM) is

the general term used to describe techniques that allow

combining the information from images acquired on a

light and an electron microscope. CLEM is a powerful

imaging approach that, due to the fact that electrons

have a much shorter wavelength compared to photons,

offers the possibility to collect different types of data

from a biological sample. In the past decades, many dif-

ferent CLEM approaches have been developed. Yet,

most of the recently published work uses fluorescence

as the light microscopy readout, for this review, we

focus on the combination of fluorescence microscopy

(FM) and electron microscopy (EM). As such, we

specifically discuss the correlation between fluorescence

and electron images of the same area of a given biologi-

cal sample. By performing such a correlation, the FM

images allow researchers to observe the localization of

one or more molecules of interest, while the EM images

provide the corresponding ultrastructural context. In

this review, we first provide a historic timeline of the

early developments in fluorescence CLEM. Next, we

present the major advances in CLEM achieved since
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the early 2000s and describe the current state-of-the-art

approaches. Finally, we discuss the future opportunities

and challenges of fluorescence CLEM in biology.

Historic timeline

Early days

Almost parallel to the first applications of FM and

EM for biological samples that emerged in the 60s and

70s of the 20th century, there have been attempts to

combine these two approaches (Fig. 1). The first fluo-

rescence CLEM reports were published in the mid to

late 1970s. In these early works, CLEM was primarily

used to confirm the identity of cells or cellular sub-

structures which could not have been done by either

FM or EM alone. With only very few specific antibod-

ies available for FM, the probes used for the identifi-

cation of cells or subcellular structures included

general compounds such as serum IgGs to separate

macrophages from tumour cells [1] or small fluorescent

DNA-binding probes to localize the nucleus in lym-

phocytes [2]. Interestingly, fluorescence CLEM also

proved valuable for the development of novel antibod-

ies against, for example, the cytoskeletal protein tubu-

lin [3]. Ultrastructural information from EM was used

to confirm the specificity and the applicability of this

antibody for FM studies [3]. While these early exam-

ples demonstrate the initial value of CLEM, biological

information was only obtained from either the FM or

EM micrographs.

The first examples of studies that truly exploit

CLEM to derive different types of biological informa-

tion from the same sample include work on spreading

macrophages [4] and white blood cells [5]. In spreading

macrophages, FM was used to demonstrate the exis-

tence of actin-rich structures while the EM was used

to resolve actin fibres that connect these structures,

something which could not be resolved by FM alone

at the time [4]. For the white blood cells, FM was

applied to measure the cellular DNA content to estab-

lish ploidy or cell cycle stage, which was correlated

with the ultrastructure of different blood cell types in

EM. In later studies, the discovery that the fluores-

cence from fluorescein isothiocyanate was preserved

after Epon resin embedding was exploited to correlate

FM with EM within the same tissue section [6]. This

resulted in a variety of studies including the localiza-

tion of actinin and titin within the ultrastructure of

myofibrils in chick embryos [7] as well as the micro-

tubule organization in unicellular protozoans [8,9].

1990s—Early 2000s

The early developments of CLEM have only been fol-

lowed up by a few in the 1990s. For example, the

group of Borisy recognized that CLEM would be ideal

to study membrane-associated cytoskeletal elements.

They developed a workflow in which FM was used to

observe fluorescently labelled myosin injected in living

cells, which was correlated with platinum replica EM

images of ventral plasma membrane preparations [10].

Fig. 1. Historic timeline of developments in fluorescence CLEM. The number of publications per year was obtained by a PubMed search

using the query ‘correlative AND light AND electron AND microscopy AND fluorescence’. A clear rise is visible from the early 2000s, which

coincides with crucial technical developments in the field of fluorescence microscopy.
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With this approach, they were able to study the molec-

ular and ultrastructural organization of myosin at the

lamellum of fibroblasts. They continued to optimize

this CLEM workflow and found that bipolar myosin

filaments arranged parallel to each other, forming

many long stack-like assemblies [11–13], something

which was recently confirmed by novel super-

resolution FM approaches [14,15]. The same CLEM

workflow was further applied to study non-

centrosomal microtubules in epithelial cells [16].

Further developments towards the end of the 1990s

and the early 2000s were driven by the use of electron-

dense small probes that were visible by both FM and

EM without additional chemical or enzymatic reac-

tions. These include the use of fluoro-nanogold probes

[17,18] and quantum dots [19,20]. Fluoro-nanogold

probes are composed of biomolecules (antibodies,

streptavidin) that are coupled to extremely small nano-

gold particles (1.4 nm) as well as a fluorescent organic

dye. Quantum dots are semiconductor particles that

are intrinsically fluorescent and electron-dense. Due to

their small size, fluoro-nanogold probes and quantum

dots penetrate well into tissue sections [17–19] or flat

biological samples prior to embedding [20], which

make them very well suited for immunolabelling in flu-

orescence CLEM approaches. Despite the fact that

these probes can be applied to address many different

biological questions, their development did not lead to

a significant rise in the application of CLEM in molec-

ular and cell biology research. The increased popular-

ity of fluorescence CLEM is set in motion by two

other developments in fluorescence microscopy: (a) the

discovery and engineering of fluorescent proteins (FPs)

[21,22] and (b) the invention of super-resolution micro-

scopy (SR) [23,24].

The introduction of fluorescent
protein tags

Live cell imaging followed by EM sample

preparation

The first renewed interest in fluorescence CLEM

approaches for biological questions was spiked by the

increased application of FPs for FM studies in the

early 2000s. The use of FPs avoided the need for com-

plex fixation and staining procedures for imaging the

molecules of interest and CLEM approaches could

now also address biological questions related to com-

plex dynamic processes within cells. One of the first

studies that applied FPs in a true CLEM approach

came from the group of Alexander Mironov [25,26].

They used a VSVG-GFP reporter probe to first

visualize the transport of vesicles from the Golgi to

the plasma membrane by FM. The FM was performed

on living cells and the dynamic information was used

to determine the exact moment of fixation during

fusion of the vesicles. To subsequently locate the

VSVG-positive vesicles in the electron microscope,

VSVG was indirectly labelled with HRP after fixation

and the ultrastructure of the Golgi to plasma mem-

brane vesicles during fusion could be studied [25,26].

Using the same rationale, the group of Judith

Klumperman later optimized a workflow where live-cell

FM was followed by immunolabelling of ultrathin

cryosections for immuno-EM [27]. With this approach,

they were able to study the dynamics of LAMP1-

positive vesicles in cells that had taken up dextran. This

dynamic information from the FM could then be corre-

lated with the vesicle ultrastructure using EM. Around

the same time, it was also shown that FP-based CLEM

could be applied to entire organisms [28,29]. In these

studies, tubulin or histone molecules were fluorescently

tagged and used to determine the developmental stages

of the nematode Caenorhabditis elegans. After fluores-

cence imaging, the animals were flash frozen at specific

stages during development and the ultrastructure was

studied by EM. Crucial for correlating the molecular

localization by live-cell FM and the ultrastructure by

EM is the time it takes to fix or freeze the sample. In

contrast to chemical fixation, which can be done almost

instantly during live cell imaging, transferring a sample

to a flash or plunge freezer takes time. The development

of a rapid transfer system, which enables freezing of the

sample within 3 s after live cell imaging, has therefore

also significantly contributed to the applicability of fluo-

rescence CLEM approaches [30].

Preservation of FP fluorescence after fixation/

embedding

So far, the work with FPs in fluorescence CLEM work-

flows was still limited by the fact that FM had to be

performed before fixation or cryopreservation. The rea-

son for this was that the FPs used for CLEM lost their

ability to fluoresce after fixation and resin embedding

due to protein denaturation. One of the first reports

that demonstrated the retainment of GFP fluorescence

in resins was published in 2003 [31]. In this study, a

hydrophilic resin was used to embed chemically fixed

zebrafish that expressed a GFP fusion protein. Retain-

ing GFP fluorescence after resin embedding allowed the

investigators to first locate a subset of rods in the fish

retina before thin sectioning for EM ultrastructural

analysis [31]. This greatly reduced the time to find

appropriate regions of interest in tissue samples.
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Since it is well established that chemical fixation cre-

ates many ultrastructural artefacts [32], subsequent

protocols were developed for the preservation of GFP

signal after cryofixation, freeze substitution and resin

embedding. In the first approach, GFP-Caveolin3 was

expressed in zebrafish and the animals were high pres-

sure frozen and freeze substituted before microscopy

analysis [33]. GFP fluorescence signal was still present

and the molecular localization of caveolin by FM

could be directly correlated with the ultrastructure of

the plasma membrane by transmission EM. These ini-

tial protocols were later adapted and applied to study

endocytosis in yeast cells [34–36]. For this work, pro-

teins involved in endocytosis were fused to GFP or

mCherry and expressed in yeast cells. Dual colour flu-

orescence microscopy combined with 3D electron

tomography subsequently allowed for an ultrastruc-

tural analysis of endocytic vesicles [36]. An interesting

additional observation that was useful for CLEM

applications was that GFP retains fluorescence in-resin

in vacuum, which allowed it to be studied in an inte-

grated light and electron microscope [37].

Super-resolution CLEM

Resolution gap

Historically, the main problem for addressing appro-

priate biological questions for fluorescence CLEM has

been the so-called ‘resolution gap’. While the resolu-

tion of conventional FM is approximately 200 nm due

to the diffraction of light, EM has a resolution that is

about two orders of magnitude higher (~ 1 nm). This

difference in resolution is referred to as the resolution

gap and makes it hard to correlate the information

that is derived from fluorescence and electron images.

In other words, the uncertainty of the localization of

specific molecules with respect to the precise ultrastruc-

tural details limits the interpretation of the correlation

mostly to feature identification.

Interestingly, the first efforts to bridge the resolution

gap are the result of a procedure that was already

common for EM approaches, namely ultrathin

cryosectioning [38]. By using ultrathin cryosections,

the effective axial resolution of FM could be increased

to ~ 50 nm, depending on the thickness of the section,

which is about an order of magnitude more than the

regular axial resolution in FM (~ 800 nm) [39]. This

principle has been applied to evaluate the ultrastruc-

ture of lactoferrin-positive granules in neutrophils [17]

as well as the structural details of transcription sites

[40]. Despite these efforts, the most important develop-

ment for decreasing the resolution gap has been the

application of super-resolution (SR) FM of biological

samples (Fig. 2). In 2006, two revolutionary papers

described the development of photoactivated localiza-

tion microscopy (PALM, [23]) and stochastic optical

reconstruction microscopy (STORM, [24]) techniques

that brought the resolution of FM down to ~ 10–
20 nm. With these techniques at hand, it became possi-

ble to precisely pinpoint the localization of specific

molecules within an ultrastructural context.

Fig. 2. Bridging the resolution gap. Shown

are fluorescence CLEM images of the

actin cytoskeleton in human immature

dendritic cells. The FM signal visualizes

the cytoskeletal adaptor molecule vinculin.

The upper row shows an overlay of

scanning EM with conventional confocal

(resolution ~ 200 nm, obtained on a Zeiss

LSM880 laser scanning confocal

microscope (Carl Zeiss Microscopy,

Oberkochen, Germany)) and the lower row

shows an overlay with STORM (resolution

~ 20 nm, custom built STORM set-up at

the Radboudumc Technology Center

Microscopy). With STORM, molecular

localization can be directly correlated with

the ultrastructure of cellular structures.

Scale bar = 500 nm.
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SR-CLEM after ‘classical’ cryosectioning

Similar to the early fluorescence CLEM developments,

the development of SR-CLEM went hand in hand

with the developments in super-resolution FM.

Already in the initial paper that describes the develop-

ment of PALM super-resolution microscopy, an SR-

CLEM workflow is applied [23]. In this particular

case, transmission EM on Tokuyasu cryosections was

used to confirm the nanometer resolution of PALM.

By overlapping the fluorescence signal from

mitochondria-targeted dEosFP using FM and the

ultrastructure of mitochondria by EM, it could be

demonstrated that PALM indeed has a nanometer

scale resolution. Obviously, for this to work, the previ-

ously optimized workflows that allowed the preserva-

tion of FP fluorescence after aldehyde-based fixation

and sectioning were instrumental. After the optimiza-

tion of three-dimensional (3D) super-resolution micro-

scopy techniques, a similar workflow was later applied

to perform 3D SR-CLEM with interferometric PALM

(iPALM) and focused ion beam (FIB) scanning EM

[41]. In this work, the organization of the mitochon-

drial DNA-binding protein TFAM was studied in rela-

tion to the topology of the nucleoids and surrounding

cristae. Since both iPALM and FIB-scanning EM are

very specialized techniques, the same group also pub-

lished a follow-up paper where they combined stan-

dard 2D PALM with SEM imaging on ultrathin

(100 nm) cryosections [42]. Although this procedure

cannot be used to study large volumes, the authors

demonstrated its usefulness for a wide variety of bio-

logical structures including mitochondrial nucleoids,

nuclear lamina and peroxisomes.

While aldehyde-fixed cryosections retain much of

the fluorescence of photoswitchable or photoactivat-

able proteins, the ultrastructure is not well preserved

[32]. Therefore, ongoing efforts try to optimize proce-

dures for super-resolution microscopy that are compat-

ible with the more commonly applied metallic oxide

fixatives such as osmium tetroxide. The first successful

workflow involved the use of low concentrations of

osmium tetroxide and embedding of samples in gly-

cidyl methacrylate resin [43]. In this study, PALM was

performed on ultrathin sections and scanning EM was

used for evaluating the ultrastructure. The authors

used several FP fusion constructs that localized to dif-

ferent cellular compartments such as the nucleus and

the mitochondria to demonstrate the wide potential of

this approach. The resolution, however, of the PALM

procedure was ~ 4–5 times lower as compared to opti-

mal conditions due to the low photon count obtained

from the osmium-fixed FPs.

An interesting solution to the problem of osmium-

induced loss of photons came from a study that engi-

neered FPs specifically for SR-CLEM applications

[44]. For this work, the authors generated multiple

variants of the photoconvertible FP mEos and identi-

fied several variants (mEos4a and mEos4b) that were

relatively resistant to osmium-based fixation and resin

embedding. As a proof of principle, the authors fused

these mEos variants to several cellular components

including the nuclear protein lamin A and showed that

the localization precision of these novel mEos variants

in resin was comparable to conventional mEos within

osmium. Further engineering of mEos has recently

even resulted in a variant (mEosEM) that survives

embedding in Epon after osmium-based fixation,

which was not the case for mEos4a/b, for improved

SR-CLEM approaches [45].

Wet/dry protocols for SR-CLEM

Not all biological questions require the need to per-

form SR-FM after the sample has been prepared for

EM. Especially in the case of membrane-bound struc-

tures, it can be beneficial to first perform the FM

under hydrated conditions, which are optimal for

maintaining fluorescence, and subsequently perform

the EM on dried samples. Such an approach avoids

the need of various optimization procedures and can

use previously established CLEM procedures [46]. In

particular, our understanding of clathrin-mediated

endocytosis is greatly enhanced because of this type of

SR-CLEM. To better understand clathrin-mediated

endocytosis, a workflow was optimized that combined

iPALM with platinum replica EM tomography of ven-

tral plasma membrane preparations. This resulted in a

comprehensive 3D map of the nanoscale organization

of clathrin at clathrin-coated pits [47]. Later, this

workflow was adapted to correlate the ultrastructure

of clathrin-coated pits with antibody-based STORM

imaging [48]. With this experimental set-up, the

authors were able to study the localization of 19 differ-

ent endocytic proteins during endocytosis and define

the molecular architecture of endocytosis with

nanometer precision. Comparable SR-CLEM work-

flows with hydrated SR-FM and subsequent scanning

EM on dried samples were used to determine the

nanoscale architecture of nuclear pores [49], HIV buds

[50] and actin-based podosomes in immune cells [51].

Correlating cryo-SR with EM

The latest efforts in optimizing SR-CLEM have been

focused on improving SR-FM imaging under

2490 FEBS Letters 596 (2022) 2486–2496 © 2022 The Authors. FEBS Letters published by John Wiley & Sons Ltd
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cryogenic conditions and correlating this to either

cryo-electron tomography (ET) or other cryo-EM

approaches. It is widely accepted that, for optimal

preservation of the ultrastructure of biological sam-

ples, flash freezing is required. Yet, SR microscopy is

extremely challenging under cryogenic conditions,

mainly because of the requirement to use long-distance

objectives with a relatively low numerical aperture.

Despite these challenges, significant progress has been

made for this type of cryo-correlative approaches,

something we could call the current golden standard

of CLEM. The first example of correlative cryo-

PALM and cryo-electron tomography made use of

photoactivatable GFP and investigated the nanoscale

localization and molecular structure of a secretion pro-

tein system in bacteria [52]. Although the photon

count of photoactivatable GFP was 5–10 times lower

compared to optimal PALM (~ 200 photons per mole-

cule resulting in a resolution of ~ 160 nm for the cryo-

PALM), this work demonstrated the feasibility of this

type of cryo-CLEM workflows. Not long after, it was

shown that regular GFP could blink under cryogenic

conditions and that a single molecule localization

accuracy of ~ 40 nm could be achieved in biological

samples [53]. By further adapting the procedure, a sim-

ilar single molecular localization precision could be

achieved under cryogenic conditions as compared to

ambient temperatures [54].

One of the most impressive cryo-SR-CLEM efforts

so far is presented in a recently published paper that

combines cryogenic 3D single molecule localization

microscopy with FIB scanning EM [55]. The vitrified

samples were first evaluated using structured illumina-

tion microscopy (5 min per cell per colour) after which

single molecule localization (1–2 days per cell per col-

our) was applied to a selected number of cells. Then,

samples were freeze-substituted, resin embedded and

imaged using FIB scanning EM (10–15 days per cell).

In this study, mEmerald and Halo JF525 were found

to be optimal for the FM imaging and several different

proteins that localized to various intracellular com-

partment including the nucleus and peroxisomes were

studied. Using this approach, the authors were able to

find novel and unexpected features of virtually every

marker they studied, suggesting CLEM approaches

still hold great promise for the future [55].

Conclusions and outlook

As outlined above, although the first CLEM applica-

tions appeared over 40 years ago, the past decades

have witnessed a rapid increase of scientific publica-

tions in which CLEM played a major role in unravel-

ling molecular and cellular mechanisms. And while the

future seems bright for SR-CLEM, a few hurdles need

to be addressed in order to reach the full potential of

CLEM (Fig. 3). Therefore, many aspects of this tech-

nique are still being developed or improved, including

new or adjusted workflows, dedicated software, novel

probes and novel combinations with other techniques.

Compared to FM, EM image acquisition is still rela-

tively low-throughput and limited to small regions of

interest, something which reduces the potential of

CLEM applications. Because of this, improved set-ups

for SR-CLEM aiming at increasing the image through-

put and enlarging the correlation area are emerging.

For example, a novel FIB/SEM technique based on a

reactive oxygen source in a plasma FIB was combined

with iPALM to image mitochondria in osteosarcoma

cells and was shown to provide excellent 3D registra-

tion between the two different types of images [56].

For the plasma FIB, a rotating sample stage allowed

Fig. 3. Current challenges for fluorescence CLEM. See text for further details.
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the 3D analysis of several hundreds of micrometer-

large region of interest of resin-embedded human

osteosarcoma cells through a process known as oxygen

serial spin mill (OSSM). Compared to conventional

FIB-SEM, OSSM/SEM offers consistent slice thick-

ness, gentle erosion and better contrast without the

need of a high dose of post-staining and fixation [56].

We anticipate that the combination of OSSM/SEM

with other SR microscopy techniques will also be pur-

sued to allow high-precision imaging of large areas.

Furthermore, although much progress has already

been made in trying to solve the challenge of differ-

ent sample preparation requirements between FM

and EM, novel CLEM workflows are continuously

being developed. For example, immuno-CLEM work-

flows based on TEM, SEM and scanning transmis-

sion EM (STEM) in combination with Tokuyasu

sections and immunolabelling have recently been

optimized to allow the identification of many cell

markers and their relation to ultrastructural mor-

phology in large sections of heterogeneous tissues

[57]. While immuno-CLEM-TEM has mostly been

used to identify subcellular structures, Oorschot et al.

[57] provided a detailed comparison of the advan-

tages of the three immune-CLEM approaches, which

allowed the identification of tissue stem cells in whole

zebrafish brain. More recently, a protocol was pub-

lished for increasing the in-resin fluorescence of GFP

[58]. This protocol refined previously established

workflows using freeze substitution and Lowicryl

HM20 embedding [37]. The continued efforts to

improve the preservation of fluorescent signals after

resin embedding are an important step towards

future 3D-CLEM experiments.

While in-resin CLEM can simplify the correlation of

EM and FM images, its application is also still rela-

tively limited due to the low number of FPs/dyes that

withstand CLEM processing. Therefore, besides fine-

tuning protocols for retaining GFP fluorescence, we

also expect the engineering and identification of other

FPs as potential additional CLEM probes. For exam-

ple, a study by Tanida et al. [59] resulted in the identi-

fication of mWasabi, variant-0 CoGFP and mCherry 2

as being relatively resistant to osmium treatment. This

work showed that these FPs remained fluorescent in

100-nm thin sections of Epon-embedded cells, allowing

two-colour in-resin CLEM of mitochondria and endo-

plasmic reticulum [59]. For SR-CLEM specifically, the

development of fluorescent probes for multicolour

imaging is even more challenging: indeed, SR-FM

techniques such as PALM and STORM require fluo-

rophore state conversions that need to be retained

after sample preparation, something which has been

achieved for only a few probes [44,45]. Moreover, the

ultraviolet light that is commonly necessary to stimu-

late state conversions enhances glutaraldehyde-induced

autofluorescence [60], further complicating the applica-

bility of these FPs to CLEM.

The development or improvement of multimodal

probes that are both fluorescent and electron dense is

also a continuous quest in CLEM. These probes can

be used to label specific components in a biological

sample but can also act as fiducial landmarks to pre-

cisely overlay electron and fluorescent images. Fluores-

cent green colour-emitting nanodiamonds have been

reported to resist exposure to electron beams, harsh

chemical treatments, staining with heavy metal, main-

taining their fluorescent properties fully intact for light

microscopy [61]. Similarly, fluorescent nanoclusters

composed of several atoms of platinum [62] or

iridium-based luminescent metal complexes [63] exhibit

electron density as well as fluorescence emission

enabling highly accurate image registration. Very

recently, surface-engineered ultrasmall and ultrabright

gold nanoclusters have been used in stimulated emis-

sion depletion (STED) and CLEM allowing nano-

scopic imaging of cellular tubulin [64].

Besides improving sample workflows and expanding

chemical probes, considerable efforts are devoted to

the design and optimization of dedicated software for

CLEM. One of the most important aspects here is the

improvement of image registration algorithms for

overlaying FM and EM images. For this, most studies

classically use so-called fiducials, which are markers

that can be observed in both light and electron micro-

scopy [34,65,66]. Alternatively, the holes in the EM

grid itself can be used as spatial reference points [67].

In all cases, after image acquisition, semi-automated

algorithms are used to identify the fiducials and trans-

form the EM or FM image for the overlay. With the

rise of artificial intelligence in image analysis, we fore-

see that, in the near future, image registration will be

performed with the help of deep-learning algorithms,

which should greatly facilitate CLEM processing.

Other software-based developments facilitate auto-

mated and customizable cryo-FIB preparation proto-

cols [68]. The need for this type of customized and

versatile algorithms is expected to increase as CLEM

is more and more used in combination with other

approaches such as photonic chip-assisted CLEM,

which enables multimodal total internal reflection fluo-

rescence microscopy over large fields of view with high

precision localization of the area of interest [69], or

click-array tomography-CLEM, which combines

super-resolution array tomography [70] with click

chemistry and was recently used to visualize, track and

2492 FEBS Letters 596 (2022) 2486–2496 © 2022 The Authors. FEBS Letters published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies.

Fluorescence CLEM developments in biology K. van den Dries et al.

 18733468, 2022, 19, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.14421 by C

ochraneC
hina, W

iley O
nline L

ibrary on [02/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



quantify azido-modified antimicrobial sphingolipids in

bacteria [71].

Finally, we expect CLEM to become increasingly

quantitative in the future. Although CLEM is still rel-

atively qualitative as compared to approaches using

FM only, several studies have already demonstrated

the power of quantitative CLEM to reveal the nanos-

cale architecture of clathrin-coated pits [48]. Also,

Klumperman and colleagues used quantitative, on-

section CLEM to reveal the ultrastructural distribution

of endogenous endosomal proteins in hundreds of

organelles [72]. In line with these exciting novel

approaches, B€auerlein and Baumeister [73] recently

discussed the intriguing possibility of exploiting cryo-

CLEM, with conventional or SR-FM, to create cellu-

lar molecular atlases, paving the way to what they

dubbed ‘visual proteomics’. Important to note here is

that processing CLEM data for quantitative analysis is

extremely demanding for computer hardware since

often hundreds of gigabytes to several terabytes of

data are collected per data set [55,74]. Nevertheless,

we expect that, in combination with workflows for

3D-CLEM [75–78], these developments will open up

the possibilities to perform quantitative 3D cryo-

CLEM of large tissue regions to establish fully optics-

based top-down strategies to unravel cellular and

molecular research questions.
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