
 

 

 University of Groningen

Correlative microscopy reveals abnormalities in type 1 diabetes
de Boer, Pascal

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
de Boer, P. (2018). Correlative microscopy reveals abnormalities in type 1 diabetes. [Thesis fully internal
(DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/d91bdc93-dee2-4957-9537-a3caf049d484


  

 

Chapter 2 

Correlated light and electron microscopy: ultrastructure lights up! 

Pascal de Boer
1
, Jacob P. Hoogenboom

2
, Ben N.G. Giepmans

1
 

 

 

 

1
Department of Cell Biology, University Medical Center Groningen, Groningen, the Netherlands; 

2
Faculty of Applied Sciences, Delft University of Technology, Delft, the Netherlands.    

 

 

 

Nature Methods (2015) 12(6): 503-513 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

16 

Abstract  

Microscopy has gone hand in hand with the study of living systems since van Leeuwenhoek observed 

living microorganisms and cells in 1674 using his light microscope. A spectrum of dyes and probes 

now enable the localization of molecules of interest within living cells by fluorescence microscopy. 

With electron microscopy (EM), cellular ultrastructure has been revealed. Bridging these two 

modalities, correlated light microscopy and EM (CLEM) opens new avenues. Studies of protein 

dynamics with fluorescent proteins (FPs), which leave the investigator ‘in the dark’ concerning 

cellular context, can be followed by EM examination. Rare events can be preselected at the light 

microscopy level before EM analysis. Ongoing development—including of dedicated probes, 

integrated microscopes, large-scale and three-dimensional EM and super-resolution fluorescence 

microscopy—now paves the way for broad CLEM implementation in biology. 

 

Introduction 

Fluorescence microscopy (FM) allows researchers to identify specific molecules and study their 

biological roles. However, because a large fraction of molecules remain unlabeled and therefore ‘in 

the dark’, the context of the localization is lost. In addition, the resolution of light microscopy (LM) is 

typically submicrometer and thus does not match the size of biomolecules, which typically range 

from 0.1 to 10 nm. The way to analyze molecules both in their biological context and at high 

resolution is via EM. However, with EM, ultrastructural analysis is on grayscale images, in which 

molecules are hard to define; biological samples are in a fixed state; and finding rare events in space 

and time is nearly impossible. These limitations can be overcome with CLEM (Box 1), which combines 

the strengths of the two modalities and enables the analysis of rare cellular (or subcellular) events in 

their cellular context. Recent developments in probes, sample preparation, super-resolution FM, 

image overlay, dedicated microscopes and data handling have provided a boost for CLEM in the past 

decade. Not only is resolution now better matched between the two modalities but EM analysis can 

now also be performed over larger volumes. Together with improving methodology, better matched 

scales (Fig. 1) between the two modalities makes CLEM more widely applicable in biology. Here we 

review the basic ingredients for CLEM, as well as the latest developments. We provide guidelines, 

tips and tricks for their generic implementation in biology, and we discuss the road ahead toward 

crisp and bright CLEM analysis of cells, structures, molecules and ultrastructure. 

 

 

 

Box 1| CLEM terminology 

CLEM is the acronym for correlated (or correlative) light microscopy and electron microscopy, 

where light microscopy typically refers to fluorescence light microscopy. CLEM implementation 

varies widely and is often based on the hardware used. Examples of hardware include ILEM32 and 

SCLEM15 for integrated microscopes and simultaneous CLEM, respectively. However, the “I” in 

ILEM may refer to immunobased CLEM, and the “S” in SCLEM to scanning or serial CLEM. 

Moreover, in “cryo-CLEM,” the term “cryo” may refer to cryo-EM with cryo-LM or with room-

temperature FM. We propose to use the acronym CLEM generally, with further explanation 

detailed in materials and methods sections of research articles. 

 



Correlated light and electron microscopy: ultrastructure lights up! 

17 

Microscopy and acquisition 

CLEM is typically performed in one of two ways in which any FM or EM modality can be used: (i) 

samples are analyzed by fluorescence imaging—for instance, time-lapse studies of FP-tagged 

proteins—followed by fixation and further EM processing, acquisition and analysis, or (ii) ultrathin 

sections prepared for EM still contain fluorescent label, or are fluorescently labeled, and are imaged 

with both LM and EM (Fig. 2), for instance after immunolabeling. The latter approach also allows for 

analysis with integrated microscopes as discussed below. Probes to identify specific molecules, 

organelles or cells are either genetically encoded or affinity based. A subset of specific CLEM probes 

can allow detection in both microscopes. However, precautions or specific strategies are needed to 

perform CLEM: routine FM procedures and EM preparation are often mutually exclusive in that 

either fluorescence is lost or the ultrastructure is destroyed. Thus, CLEM requires special attention to 

sample preparation
1
. 

 

 

 

Figure 1 | Matching scales. The gap between EM (blue) and FM (red) in lateral dimensions has been 

filled by increasing the EM field of view, imaged at high resolution, mainly by automation and 

digitization, and by ‘breaking’ the FM diffraction limit, resulting in nearly matching scales for CLEM. 

Note that all FM and EM approaches depicted here can be used for CLEM. SIM, structured 

illumination microscopy.  
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Sample preparation 

Chemical fixation and embedding. Classical EM preparation involves fixation and staining with heavy 

metals followed by plastic embedding and sectioning
2, 3

 (Figs. 2a–c and 3). Labeled molecules may be 

visualized after EM preparation using sequential FM and EM contrast with combinatorial tags (Figs. 

2a–c and 3) or post-embedding labeling of the section (discussed below in Probes for CLEM). 

Common fluorescent probes, such as FPs, are incompatible with classical EM sample preparation; 

although protocols can be used to preserve fluorescence in the EM sample, for both immunotargeted 

fluorophores
4, 5

 and genetically encoded probes
6-11

 (Fig. 2d,e), this may come at the expense of 

ultrastructural preservation. Fluorescence reduction caused by treatment with high concentrations 

of osmium and by complete dehydration may be prevented by cryofixation
6, 7, 10, 12

 or Tokuyasu-like 

sample preparation
13

. Integrated FM-EM inspection in a vacuum is also being optimized
10, 14, 15

 (Fig. 

2d,e). Alternatively, cryogenic EM can be performed. 

Cryo-microscopy. In cryo-electron microscopy (cryo-EM), biomaterials are preserved in a near-native 

frozen hydrated state, which does not require chemical fixation or embedding. Samples (small cells, 

viruses or macromolecules) can be rapidly vitrified, which allows for fluorescence preservation
16, 17

. 

Although brightness may decrease under cryogenic conditions, photobleaching rates are also 

reduced; this leads to prolonged observation times, which may be beneficial for some CLEM 

applications, as discussed below. 

 

Data acquisition and overlay 

Sequential acquisition and matching regions of interest (ROIs). Sample transfer between 

microscopes offers a free choice in FM modalities before EM, including wide-field, confocal and 

super-resolution FM. Because EM sample preparation can be performed after FM acquisition, there 

are many options for labeling and staining techniques that allow ultrastructural preservation and EM 

contrast, as they are not constrained by the need to preserve fluorescence. For cryogenic studies, 

dedicated sample holders for cooling have been developed for light microscopes that can then be 

transferred to a cryo-electron microscope
18-20

. Commercial versions are available at FEI (CryoStage2), 

Linkam (CMS196)
21

 and Leica (Cryo CLEM)
17

. Matching the observed areas between modalities, or 

image registration, is essential for CLEM, and retrieval of an ROI identified with FM in the EM image 

has long been a major issue in correlative microscopy. Finder grids enable coarse alignment of a 

sample from live-cell observation to EM
22

. Commercial sample holders with navigation markers 

recognized by microscope software for automated ROI retrieval from Carl Zeiss (Shuttle & Find and 

Atlas5) and Jeol/Nikon (MiXcroscopy) are now available. The ROI can also be retrieved on the basis of 

LM data by means of virtual overlay
23

, and both FEI (MAPS and CorrSight) and Jeol (JEM-1400Plus) 

provide recognition software. Three-dimensional (3D) alignment markers can be created in the 

sample by branding optical marks using laser irradiation, which are suitable for 3D CLEM
24

. Although 

these techniques do help to match areas, the accuracy they offer is too low for several applications. 
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Figure 2 | Examples of CLEM with distinct approaches. (a–c) Post-embedding insulin 

immunolabeling (biotin-labeled antibodies) by QDs (streptavidin-conjugated QD655, red) and 

Hoechst counterstain (blue) of rat pancreas
73

. FM (top) followed by scanning EM (bottom) and 

overlay (b). (c) Boxed area from b (top) and magnification (bottom). Note the detection of the 

electron-dense nanoparticles. Ex, exocrine pancreas; α, alpha cell; β, beta cell; δ, delta cell; Ins, 

insulin granule. (d,e) Integrated microscopy (SECOM) of resin-embedded HeLa cells expressing GFP-

C1, a diacylglycerol sensor, prepared with high-pressure freezing followed by freeze substitution
10

. 

Fluorescence from a 200-nm section (left), the matching back-scattered electron image (center) and 

the overlay (right) are shown. Note how precise subcellular localization of the fluorescent signal 

allows identification of corresponding structural features. (e) Detail from d, showing fluorescence 

corresponding to putative vesicular structures (arrows), Golgi networks and other highly curved 

membranous structures within the cytoplasm (asterisk). G, Golgi network; M, mitochondrion; N, 

nucleus. Images in a–c are our unpublished results; images in d,e are unpublished data kindly 

provided by C.J. Peddie and L.M. Collinson (Cancer Research UK). Scale bars: 50 μm (a), 5 μm (b,d), 1 

μm and (c, top, and e) and 200 nm (c, bottom) 
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Figure 3 | CLEM procedures 

and considerations. A single 

flowchart for the numerous 

diverse CLEM applications 

cannot be given. The general 

layout is depicted (left), 

emphasizing considerations on 

the sample under study, 

preparation and preservation, 

as well as reagents and 

microscopes available (right). 

When choosing a certain 

trajectory (center), we 

recommend starting from 

previous achievements within 

the same field or from work 

that used the techniques of 

choice (Supplementary Table 

1; references throughout the 

text). FRAP, fluorescence 

recovery after photobleaching; 

AT, array tomography; FL, 

fluorescence; IR, infrared. 

 

 

 

High-precision overlay. For image overlay with accuracy better than 0.5 μm, fiducial markers 

identifiable in both LM and EM are needed. Several types of particles have been used for this 

purpose, including nanoparticles
25, 26

, quantum dots (QDs)
27

 and polymer beads
6
. The use of multiple 

different fiducials may help cover different scales or account for chromatic distortions in multicolor 

microscopy
28

. Fiducials may be an integrated part of the sample (Fig. 2a–c) but are often only added 

for image registration. To preserve sample integrity, researchers can embed fiducials in a thin top 

layer below the sample
29

 or create them with electron beam patterning
30

. However, in all these 

approaches, the overlay precision is limited by distortions introduced in the intermediate EM 

preparation steps. 

Integrated microscopy. Following initial development in the 1980s
31

, commercial systems for 

integrated microscopy have appeared recently (Fig. 4). Integrated microscopes circumvent issues 

with ROI retrieval and registration markers, allowing inspection for rare events by LM and then EM 

analysis directly after. Because samples are not transferred between FM and EM acquisition, they 

should be both fluorescent and suitable for EM. As all preparation must therefore be done before 

inspection, sample distortion between FM and EM inspection is not an issue for the overlay image. 

FEI’s iCorr, based on the iLEM prototype
32

, is a single-color wide-field fluorescence microscope inside 

a transmission electron microscope (TEM). An objective lens with long working distance and low 

numerical aperture is placed between the pole pieces of the TEM lens. The fluorescence microscope 
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serves to identify an ROI for TEM inspection on the basis of fluorescence. The sample is then rotated 

for TEM acquisition (Fig. 4a). The custom-made iLEM2 allows cryogenic examination of biosamples
16

. 

Delmic’s SECOM is an inverted fluorescence microscope that can be retrofitted to a scanning electron 

microscope (SEM) such that the objective lens is below the sample, paraxial to the SEM (Fig. 4b). The 

SEM can then be used anywhere within the FM field of view (FOV)10,15,31. In the atmospheric SEM 

(ASEM, or Jeol’s ClairScope)
33, 34

 and similar systems
35

, the fluorescence microscope and SEM are also 

positioned in paraxial configuration, but with the SEM inverted. Only back-scattered electrons can be 

detected through a thin (50- to 100-nm) silicon nitride membrane
36, 37

, which seals the SEM vacuum 

chamber (Fig. 4c). The sample and the fluorescence microscope are both kept under atmospheric 

conditions, typically using water-dipping objectives. The lateral size of the membrane limits the 

observable area to several hundreds of micrometers
36, 37

. Atmospheric inspection has been taken one 

step further in B-nano’s airSEM, in which the sample is physically separated from the membrane 

vacuum seal
38, 39

 (Fig. 4d). As the sample is mounted on a translation stage, the observable area can 

be square centimeters. The fluorescence microscope or other systems, such as an atomic force 

microscope, can be positioned along the translation stage to allow correlative inspection with 

automated translation of an ROI between microscopes. Depending on the goal and the microscope 

setup within reach, a proper choice of probe should be made, as addressed below. 

 

Figure 4 | Commercial integrated CLEM microscopes. The integrated systems (top) and schematic 

configuration (bottom) are shown. (a) The iLEM, commercialized as the iCorr, comprises an 

integrated FM microscope in a TEM. Optical imaging is followed by sample rotation for TEM 

acquisition. (b) SECOM has an integrated FM microscope in an SEM and inverted FM objective 

underneath the sample holder paraxial to the SEM column. (c) ASEM, commercialized as the 

ClairScope, has an FM microscope and SEM in paraxial configuration, with the FM microscope and 

sample under atmospheric conditions, sample cultured on a silicon nitride membrane with inverted 

SEM column underneath. (d) With airSEM, the sample is mounted on a translation stage for FM and 

scanning EM separated from the silicon nitride membrane; therefore, the electron beam travels a 

short distance through air. SE, secondary electrons; BSE, back-scattered electrons; ITO, indium tin 

oxide. Photographs reproduced from ref. 32, Elsevier (a); ref. 31, Wiley and the Royal Microscopical 

Society (b); Jeol Ltd. (c); and B-nano Ltd. (d). 
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Probes for CLEM 

Specific probes in microscopy typically consist of an affinity-based or genetically encoded targeting 

part, which identifies the protein of interest, linked to a label that is used for detection. CLEM has 

been pioneered by overlaying fluorescence images on top of the same region imaged by EM. All 

fluorescent markers available, including FPs, can be used to perform this kind of CLEM. This allows 

users to identify the underlying ultrastructure of the fluorescence label (Figs. 2 and 5). Higher-

precision localization of the target proteins can be obtained by also visualizing the probe with EM 

through, for example, a sequential labeling step such as immunogold detection of GFP. Over the past 

two decades, probes, tags and other approaches have been developed to visualize molecules in both 

LM and EM (Fig. 5). These can be applied to the samples in either a pre-embedding or a post-

embedding step.  

A major advantage for immune-targeted affinity approaches is that they can be used to 

detect endogenous molecules in many contexts, including human tissue. However, fixation and 

permeabilization of cells to allow entrance of reagents is a prerequisite for these approaches, and 

these may cause obvious changes at the ultrastructural level
1
. Genetic tagging allows for non-

invasive labeling, thereby opening the door to a range of live-cell imaging applications
40, 41

, and is 

typically compatible with strong fixation to retain cellular systems intact, if fluorescence of the tag 

need not be retained
1
. Post-embedding immunolabeling of GFP with electron-dense particles, such 

as gold, can introduce EM contrast
13

, but epitope availability upon EM preparation is often 

compromised
1
. Sequential LM and EM contrast can also be introduced in the form of osmiophilic 

diaminobenzidine (DAB) polymers, with polymerization induced by photo-oxidation, or enzymatically 

by peroxidases, as explained below. The benefit of CLEM is that fluorescence does not obscure any 

ultrastructural detail, whereas labeling with heavy metals (DAB, osmium or immunogold, or QDs) by 

definition will locally add label intensity to the original structural EM contrast (see, for example, the 

QDs in Fig. 2c versus fluorescence in Fig. 2e). We discuss the specific properties of the various probe 

types in more detail below. 

 

Genetically encoded probes for pre-embedded labeling 

Photo-oxidation. In the vicinity of a fluorophore, molecular dioxygen can be converted to singlet 

oxygen via excited-state energy transfer
42

. Upon addition of DAB, this singlet oxygen locally oxidizes 

the DAB, resulting in polymerization. Enhancement of DAB polymers with osmium creates an 

electron-dense label. Photo-oxidation has been pioneered using injected Lucifer yellow to label 

entire neurons
3
. Since then, molecules have been targeted using labeled lipids

43
 or with antibodies

2
. 

The first genetically encoded system for CLEM using photo-oxidation was the tetracysteine 

tag, which could be incorporated into the protein of interest and then complexed with the biarsenical 

ReAsH; this approach has allowed for dynamic multicolor pulse-chase analysis, wherein a green dye 

is bound to all proteins of interest present. After washing and allowing time for new protein 

synthesis, the new, unlabeled, protein can then be identified by adding red dye. Because, in this case, 

only the red dye is photoconverted, the pulse-chase experiments allow for spatiotemporal analysis of 

the protein in EM
44

 (Fig. 5b). However, improvement of other probes, including photoactivatable FPs 

that can also be used for pulse chase
45

 (Fig. 5d), has limited the broad implementation of 

tetracysteine tagging, which is now used mainly when a small tag is needed to avoid interference 

with protein function. Also, synthetic fluorophores bound to genetically encoded tags (such as 

HaloTag and Snap-tag) are used for pulse chase
46

, sometimes even allowing fluorescence 
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preservation after embedding
47

. Finally, the mini singlet oxygen generator (miniSOG) system has 

been engineered as an entirely genetically encoded photo-oxidation CLEM probe
48, 49

 (Fig. 5c). A 

limitation of photo-oxidation is the requirement for light irradiation, which limits the volumes that 

can be analyzed and may be problematic for imaging thick tissues and organisms. 

Peroxidases. Enzymatic DAB conversion by horseradish peroxidase (HRP) conjugated to antibodies 

has been widely used for labeling in EM
50

. However, implementation of genetically targeted HRP is 

limited to labeling proteins within the secretory route
51-53

 because the active site of HRP does not 

form in the reducing environment of the mammalian cytosol. To bypass this limitation, researchers 

monomerized the cytosolic heme-dependent ascorbate peroxidase (APX), a plant homodimeric 

oxidase, and the active site was optimized for efficient DAB conversion, resulting in enhanced APX 

(APEX)54 (Fig. 5e). APEX targeted to different cellular compartments, including the cytosol, nucleus 

and mitochondria, provides EM contrast
54

. However, expression levels of APEX that allow detectable 

DAB conversion have toxic side effects
55

. Improved APEX (APEX2) with higher DAB-conversion 

capability was developed
55

 that can be used in lower concentrations to visualize targets, thus 

preventing cellular toxicity. APEX has also been combined with GFP tagging of connexin43 (ref. 
54

; Fig. 

5e), providing a powerful probe for CLEM. APEX2 and miniSOG may also be targeted to proteins of 

interest using fluorescently labeled single-chain antibodies—as pioneered with ‘fluobodies’
56

, which 

are fusions of single-chain variable fragments and GFP—although the use of fluobody-like 

approaches for CLEM remains to be demonstrated
57

. 

Metal tagging. Metallothionein and ferritin can be used as genetically encoded EM probes that bind 

to exogenously added metal atoms to form electron-dense clusters
58, 59

. Implementation of these 

probes is uncommon because cells are grown under toxic, metal-rich conditions. Although metal 

tagging is usually applied in bacteria, which are more tolerant to heavy metals
59, 60

, this technique 

recently succeeded in mammalian cells for which a reduced metal-incubation time was used to 

prevent cellular toxicity
61

. 

Non-genetically encoded probes for pre-embedding labeling 

Particles that are identifiable in EM but that are not genetically encoded, such as gold nanoparticles 

and QDs, can also be delivered to living cells. These may be taken up by cells: for example, by 

phagocytosis of nanoparticles or by endocytosis of ligand-bound particles. Alternatively, cells may 

first be more mildly fixed and permeabilized to immunolabel proteins inside
50

, which can be 

beneficial for retaining epitopes or labeling in a 3D volume. However, good preservation of 

ultrastructure—a major benefit of pre-embedding labeling—is lost without strong fixation or when 

samples are permeabilized. Mild fixation and permeabilization can also lead to protein extraction or 

relocalization
1
. Typically, immunolabeling is performed after embedding of samples. 

Post-embedding labeling for fluorescence in EM sections 

With post-embedding labeling, fluorescence can be added directly on the EM-embedded sections via 

immunolabeling (Fig. 3), but the antigenicity of target proteins can be compromised as a con-

sequence of fixation with glutaraldehyde and resin infiltration. Post-embedding immunolabeling on 

EM sections can also be performed using the cryo-based Tokuyasu method optimized for CLEM
13

. 

With the Tokuyasu method, samples are fixed with aldehydes, dehydrated using sucrose as a 

cryoprotectant and frozen in liquid nitrogen in order to allow ultrathin cryo-sectioning. Subsequently, 

sections are thawed for immunolabeling. Of all the immunolabeling approaches, generally the 

Tokuyasu method is used because it yields good morphology and epitope presentation and is 

relatively easy to use. An advantage of using ultrathin (~60-nm) sections is that fluorescence is 
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emitted with better z resolution than those attainable with optical techniques such as confocal 

microscopy
24, 62

. 

As a more advanced but also more time-consuming technique (sample preparation takes >1 

week), high-pressure freezing (HPF) followed by freeze substitution (FS) and either plastic embedding 

or the Tokuyasu procedure may also be applied. This typically provides better preservation of 

ultrastructure and epitopes
63

 than traditional chemical fixation, including Tokuyasu alone and epoxy 

embedding. In the case when pre-embedding FPs have been used, HPF-FS best preserves 

fluorescence. Sections may then be immunolabeled with FluoroNanogold and QDs, which are well-

suited for combinatorial CLEM (Fig. 5f), although FluoroNanogold may require silver enhancement to 

increase EM contrast after FM acquisition
23, 50

. The size-dependent emission spectra of QDs allow up 

to three targets to be distinguished at both the LM and EM levels
4
. The number of identifiable targets 

may be increased using shape-diverse nanoparticle probes
64

 or by combining different probes. QDs 

can also be used for analysis of metal replicas when studying cell surface molecules or structures 

underneath the plasma membrane after either extraction by detergents or use of an ultrasonic 

burst—so-called unroofing of cells—to expose the adherent membrane
26, 65

.  

 

Super-resolution fluorescence CLEM  

A major limitation of localization of molecules by LM is the diffraction limit of light, which precludes 

localization at the biomolecular (i.e., nanometer) scale. A number of super-resolution techniques 

have been developed that allow localization with resolution below 50 nm, approaching EM scales
66, 

67
. Super-resolution techniques either (i) exploit shaped illumination beams that control depletion or 

saturation of molecular fluorescence energy levels or (ii) use stochastic or photoactivated switching 

of fluorophores in wide-field FM followed by post-acquisition localization. However, as with 

diffraction-limited microscopy, only labeled proteins or structures are visible in super-resolution FM, 

leaving the necessary cellular context in the dark. The first approaches to study this cellular context 

used sequential super-resolved FM and EM
68

 (Fig. 6). FP photoactivation–based super-resolution 

CLEM on thin sections requires preservation of FP fluorescence during sample preparation for EM. 

Several approaches to achieve preservation have been reported. The first is to reduce the osmium 

tetroxide (OsO4) concentration to a level that prevents fluorescence quenching but still provides suf-

ficient membrane fixation and contrast, and to also optimize the embedding resin for fluorescence 

preservation
8
. This approach was used with both PALM (photoactivated localization microscopy) 

68
 

and STED (stimulated emission depletion)
8, 9

. Imaging was later improved using HPF and further 

uranylacetate staining after PALM to improve SEM contrast
9
. The second approach is to perform 

PALM, or STORM (stochastic optical reconstruction microscopy)
69

, after Tokuyasu sectioning and to 

increase EM contrast of the sections after PALM with OsO4 (refs. 
25, 29

). Most recently, preservation of 

the fluorescence and photoswitching properties of the FP mEos4 was achieved after 0.5–1% OsO4 

treatment and resin embedding
11

. Cryofixation prevents fluorescence quenching and has been 

exploited for super-resolution CLEM. To avoid laser-induced heating during fluorescence imaging and 

subsequent ice crystallization within the sample, researchers have used cryoprotectants and pulsed 

laser illumination to allow heat dissipation
70

. Another concern for cryo-PALM is the reduced 

photoactivation and photobleaching rates under cryogenic temperature (80 K) conditions. So far, 

only photoactivatable GFP has been seen to retain its photoswitching capability under cryogenic 

conditions
70

, and unless new photoactivatable FPs are developed, multicolor cryo-PALM is beyond 

reach. 
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Figure 5 | Cx43 as a ‘guinea pig’ in 

CLEM probe development. Cx43 

(connexin 43) forms gap junctions 

that allow diffusion of small 

molecules between cells. (a) 

Fluorescence recovery after 

photobleaching of GFP-tagged 

Cx43 revealed that gap junctions 

are reconstituted from the 

periphery. (b) Top left: 

tetracysteine-tagged Cx43 was 

labeled with FlAsH (green) for 4 h, 

and then newly synthesized protein 

was labeled with ReAsH (red) to 

reveal the same result. In this case, 

the older protein is not 

photobleached, and 

photoconversion of ReAsH allows 

for imaging with CLEM (top right). 

A concentrated precipitate of 

osmiophilic DAB polymers is 

present only at the edge of the gap 

junction (bottom), indicated with 

arrows. Note that four point 

mutations allow tetracysteine-

labeling of Cx43 (ref. 111). (c) 

MiniSOG-tagged Cx43 allows for 

fluorescence inspection (left) 

followed by photoconversion and 

EM examination (right). Arrows 

indicate single connexons. (d) 

Pulse-chase analysis with 

photoactivatable FPs. Following 

expression (far left), conversion 

(center left) and chase for 1 h 

(center right) to 2 h (far right), gap 

junction plaque growth is detected 

at the periphery. With functional photoactivatable FPs in EM sections, the newly synthesized protein 

could be localized with high precision. (e) Imaging of Cx43 with APEX. APEX does not need an affinity 

step, nor photoconversion, for Cx43 analysis using EM. For LM analysis, a GFP tag was used in 

tandem, making the complete tag larger than Cx43. (f) Endogenous Cx43 (green; arrow) visualized 

with QDs and counterstained with QDs for microtubules (red; arrowhead) and Hoechst (blue). In cell 

culture the ultrastructure is affected by permeabilization and milder fixation compared to in the 

genetic approaches in a–e. However, tissue analysis with immunolabeling is most generic and most 

straightforward (right, mouse cerebellum). Scale bars: 3 μm (a), 0.5 μm (b), 1 μm (f, FM), 0.1 μm (f, 

EM). Images reproduced from ref. 112, copyright (2002) National Academy of Sciences, USA (a); ref. 

44, AAAS (b); ref. 48 (c); ref. 45 (d); ref. 54, Nature Publishing Group (e); ref. 113, Springer (f, left and 

center); and ref. 4, Nature Publishing Group (f, right). 
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Matching scales and volumes 

Whereas super-resolution FM is moving LM resolution toward that of EM, progress in large-scale and 

3D EM
71

 has further bridged the two microscopy modalities (Fig. 1). EM data are typically 

represented as snapshots of cells or structures of interest with high resolution. This intrinsically 

restricts the FOV of the resulting image, which can, however, be overcome by manually stitching 

these snapshots together. Only recently, specific protocols have been developed to allow 2D 

automated TEM acquisition and stitching of areas up to 1 mm2
 at macromolecular resolution

52, 72, 73
, 

an approach also referred to as nanotomy (for nano-anatomy; http://www.nanotomy.org/). With 

scanning-based detection (scanning EM), even larger FOVs (for example, 32,000 × 32,000 pixels) can 

be acquired with quality similar to that of transmission EM
74, 75

. Analysis of these large data sets 

remains a bottleneck; this is still typically done by manual annotation, sometimes by many people
76

. 

In the future, automated data analysis will be guided by, and benefit from, applying CLEM to identify 

cellular or subcellular details or molecules. 

Improvements in throughput of EM in the z direction are also critical for development of 3D 

CLEM. Volume reconstructions with EM
77

 can be achieved with array tomography using serial 

sections
62

 but also with serial block-face scanning EM (SBEM)
78

 or focused-ion-beam scanning EM 

(FIB-SEM)
77

. With the latter two techniques, the upper surface of the sample is imaged and is then 

removed using an integrated ultramicrotome (SBEM) or an ion beam (FIB-SEM); this is followed by 

another imaging step, and the process is repeated until the entire sample is imaged. A similar 

procedure has recently been used in LM to allow ex vivo FM of a whole mouse brain
79

 by combining 

block-face imaging using two-photon excitation and subsequent removal of the acquired area with 

an ultramicrotome to access the next section. FIB-SEM has also been used to sculpt thin lamellae out 

of a 3D block for electron tomography
80

. Both SBEM and FIB-SEM can potentially be combined with 

CLEM. 

Although a comprehensive review of 3D methods is out of the scope of this manuscript, 

common 3D CLEM approaches are (i) pre-embedding FM before EM processing and 3D analysis using 

either serial sections or block-face methods
81-83

; (ii) post-embedding labeling of serial sections
23, 62

; 

and (iii) preservation of fluorescence upon EM preparation, either for serial sections (Fig. 2d,e) or for 

en bloc confocal microscopy followed by SBEM or FIB-SEM
21, 23, 83

 (Fig. 3). With both pre-embedding 

and en bloc FM, fluorescence resolution along the z axis is limited (~1 μm). When serial ultrathin (40- 

to 100-nm) sections are labeled
62

, this is improved to the section thickness. For samples prepared 

cryogenically to preserve FP fluorescence
6, 7, 10, 12, 16

, integrated serial 3D CLEM using EM sections 

allows simultaneous matching of multiple FM and EM scales (Fig. 2d,e) both toward higher FM 

resolution and larger EM volumes, thus narrowing the volume gap in CLEM (Fig. 1). This enables 

diffraction-limited analysis of volumes of ~1 cm3
 by LM

79, 84
 and several cubic millimeters by EM. Note 

that scanning these volumes will take typically several hours to weeks, mainly depending on the 

voxel size and volume imaged. 
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Figure 6 | Sequential versus integrated CLEM. Labeling and preparation approaches compatible with 

sequential (top) or integrated (bottom) CLEM inspection are compared. FM (left) is generally 

performed before EM (right). The opportunities have been grouped according to approaches (red); 

where sample preparation or labeling method (blue) and the choice of the right probes (green) is 

crucial to reach one’s goal. *All samples for integrated microscopy can be used for sequential CLEM. 

FNG, FluoroNanogold. 

 

Guidelines, tips and tricks 

Human tissue 

The most versatile method to target endogenous proteins within human tissue is immunolabeling. 

The major question is whether to perform the labeling pre-embedding or post-embedding or to use a 

combination of methods. Pre-embedding labeling with an antibody with a small fluorophore permits 

3D or large-area FM and may also be used for super-resolution FM. In pre-embedding labeling, label 

penetration is an issue and will typically require permeabilization, relatively mild fixation (no or low 

glutaraldehyde) and prolonged incubation to get reagents inside
1
. The penetration efficiency 
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depends on which tissue is probed, which permeabilization reagents are used and the size of probes. 

Whereas antibodies conjugated to small fluorophores or to HRP will typically penetrate tens of 

micrometers, larger particles such as QDs will be limited to several micrometers, and immunogold 

will not penetrate at all
4
. 

Post-embedding labeling may be a better option when the ROI does not require prior FM-

based examination and selection or when colloidal gold is being used. The limiting step here is 

typically antigen recognition by the antibodies. Cryo-EM and Tokuyasu labeling is still the gold 

standard for identifying targets
13

. In addition, plastic-embedded material may be etched and 

subsequently used for immunolabeling (Fig. 2). The major decision will depend on what approach 

preserves epitope recognition, which typically needs to be addressed empirically—for example, by 

testing multiple antibodies against the same target, as they may react completely differently. As for 

pre-embedding labeling, the use of non-optimal concentrations of glutaraldehyde to preserve 

ultrastructure may help to retain antigenicity. Detection can then be achieved using labels visible by 

both FM and EM, such as QDs or FluoroNanogold. If LM is needed for a study but a fluorescence 

signal is not additive, consider using conventional histochemistry or nonfluorescent labels that are 

readily identifiable with LM, such as detection of colloidal gold using reflection microscopy or 

deposition of osmiophilic DAB polymers using HRP-conjugated antibodies. In select cases research is 

performed on ex vivo living human material, which allows for genetically encoded tag delivery using 

transfection or transduction or by mechanical means (such as microinjection of material or gene 

gun–based delivery)
85

. 

Nonhuman tissue 

In principle, all approaches discussed for human tissue can be used—and one is usually limited to 

these approaches—when studying endogenous proteins in nonhuman samples as well. A major 

benefit of using tissue samples from organisms that can be genetically modified, however, is the 

ability to use genetically encoded tags (Supplementary Table 1c). For CLEM of genetically modified 

organisms, overlaying the FP signal with EM, or the Tokuyasu-FP combination discussed above, is 

most commonly used. 

Mammalian cell culture 

Mammalian cells under in vitro culture conditions are well suited for immunobased approaches, 

especially to detect endogenous proteins. Alternatively, genetically encoded probes can be 

introduced. Genetically encoded CLEM probes, such as tetracysteines
86

, APEX2
55

, HRP
53

 or miniSOG
48

 

fused to FPs, are suitable for live-cell imaging followed by EM analysis; ultrastructural preservation is 

uncompromised owing to the use of high glutaraldehyde and osmium concentrations
44, 48, 53, 55, 86

. 

Mammalian cells are also used in super-resolution FM followed by overlay with EM, for example with 

PALM
68

, including the use of the optimized photoswitchable Eos4 protein
11

. With optimized protocols 

for fluorescence retention in thin sections, including the aforementioned cryotechniques
6, 7, 10, 12

, 

sample preparation resulting in deformation is no longer needed. This makes image registration less 

troublesome, and the samples may be used in integrated systems. 

Microorganisms and viruses 

For microorganisms such as yeast, bacteria and viruses, high resolution, but not tissue context, is 

typically needed, precluding the need for large FOVs. Imaging such microorganisms may be achieved 

by all CLEM approaches discussed above. In addition, bacteria have been used to pioneer toxic 

regiments such as metal tagging
59, 60

. The small size of microorganisms makes them well suited for 

cryo-EM
59

. In some cases, the size of introduced genetically encoded tags may raise issues, in 
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addition to problems that may arise from protein fusion and overexpression. For small, compact 

units, such as viruses, the use of peptide tags
87

 may be preferred over protein tags to allow a normal 

life cycle. 

 

Hardware 

On the basis of the sample-preparation approach, one may be bound to sequential acquisition or 

instead have a choice between sequential or integrated CLEM (Figs. 3 and 6). When tissue samples 

are evaluated with sequential acquisition, it may not be necessary to turn to fiducials or finder grids if 

submicrometer overlay accuracy is not needed. Instead, during LM, pay attention to structures such 

as blood vessels or nuclei to help relocate the ROI, or turn to automated commercial solutions (see 

above: Data acquisition and overlay). When fluorescence is used, we recommend a nuclear stain, 

such as Hoechst or 4′,6-diamidino-2-phenylindole (DAPI), which will help to locate the nuclei in FM, 

as these organelles are easily recognized in EM (Fig. 2). For cellular samples, it is advisable to use 

marked grids or any of the available commercial systems for ROI retrieval. If an integrated approach 

is feasible, this may speed up acquisition time and improve throughput, but it imposes restrictions on 

the available sample-preparation techniques that need to preserve fluorescence and restricts FM and 

EM modalities to those present in the integrated system. iCorr is the only system available for TEM 

inspection, whereas SECOM fits with a current trend toward SEM use in biological applications, 

notably in high-content EM. Sample translation systems (iCorr or airSEM) need fiducials for high-

accuracy overlay; in paraxial systems (SECOM or ClairScope) these can be omitted. In the SEM 

systems, the fluorescence microscope can be relatively freely operated, which may make the need 

for an advanced stand-alone microscope redundant. Also, systems such as airSEM and SECOM can be 

used upstream of other approaches, allowing additional results to be obtained
39, 88

 (Fig. 6). The 

ClairScope seems most suitable for inspection of cells in culture medium, staying close to live-cell FM. 

Importantly, although it is feasible to image live cells with these systems, it should be noted that 

electron irradiation during EM is highly toxic and will kill the cells. Nevertheless, this and other 

possibilities offered by integrated microscopes may provide novel roads for CLEM development. 

 

Opportunities, considerations and limitations 

CLEM adds resolution and cellular context to LM observations and adds dynamics and target 

identification to EM observations. Super-resolution LM techniques need EM to provide context to 

either pointillist PALM images
8, 11, 25, 29, 68

 or STED data
8
. As a result, experiments based on CLEM are 

beginning to provide insight in several biological contexts. 

For instance, gap junction turnover using pulse-chase labeling combined with dynamic 

imaging revealed the growth of these channels from the outside of the plaque at the EM and LM 

level (Fig. 5 and references therein). Also, surprising variation in nuclear pore symmetry has been 

uncovered by applying fluorescence for quantification in a CLEM approach
89

. Similarly, not only the 

birth of the Golgi apparatus
86

 but also trafficking of Golgi intermediates as tubular-saccular 

structures
90

 have been clarified using LM dynamics and EM resolution in CLEM. The approach is also 

being used to study biology at the tissue level, such as understanding the sub-diffraction-limited 

connections in neuronal networks
91

. 

As CLEM paves the way for adding dimensions to data sets, choices for CLEM (Fig. 3) should 

be made according to the kind and size of material, whether pre- or post-embedding labeling applies, 
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epitope recognition, and/or availability of genetically encoded tags. Thus, implementation of CLEM is 

guided by several considerations—mainly based on the research question at stake and models 

available, as well as access to microscopes. The benefits and limitations in a CLEM workflow are 

highlighted in Figure 3 and discussed in more detail in earlier paragraphs. As a starting point, we 

suggest implementation of CLEM techniques used by others in the same research field or using 

similar models (Supplementary Table 1 and references therein). 

 

Future outlook 

Probes and live-cell electron microscopy 

In most genetically encoded approaches, the protein of interest is tagged and overexpressed, which 

may cause artifacts. Efforts to minimize such artifacts are ongoing: detrimental effects of genetically 

encoded tags may be prevented by improving their photophysical properties, thus requiring fewer 

labeled molecules to visualize targets, as shown with APEX2 improvement over APEX in cells
55

. 

Recently, fluorescence preservation of the newly developed photoactivatable FP mEos4 was shown
11

. 

With new targeted gene-modification tools such as the CRISPR (clustered, regularly interspaced, 

short palindromic repeats)-Cas9 system
92

, the introduction of genetically encoded tags on 

endogenous proteins is becoming increasingly feasible. Further developments in fluobodies and the 

metallothionein approach are also being explored
61

. 

Cryo-EM comes the closest to imaging samples in a state similar to that observed with live-

cell FM; however, the time needed for vitrification reduces FM-EM temporal correlation. Systems for 

rapid freezing of small samples during live-cell observation are in development
93

. Alternatively, liquid 

EM, in which ultrastructural analysis on cells in their original state is performed, is also being 

developed. In this approach, cells are cultured in a microfluidic chamber containing silicon nitride 

membranes that allow the electron beam to pass. Gold-conjugated ligand-receptor interactions over 

the complete cell surface have been observed with liquid scanning transmission EM
94

. The ultimate 

future perspective with combined FM and scanning EM in liquid would be to correlate live-cell 

imaging directly with an ultrastructural snapshot, the recording of which will deliver a lethal dose to 

the system under study. Liquid CLEM can be conducted by quickly transferring the microfluidic 

chamber between microscopes
95

, but instrumentation for integrated liquid CLEM, to match the EM 

snapshot with FM acquisitions in time, is also emerging
34

. 

Development of vital EM probes would benefit CLEM not only for ‘wet’ EM but also for 

intravital applications. For instance, multiphoton microscopy, which achieves relatively deep 

penetration, may be used for intravital imaging of animal models and correlated to a later acquired 

EM image
96, 97

. Improvements of intravital FM—including fast, high-throughput 3D fluorescence 

imaging approaches such as light-sheet microscopy
84

—may be applied, and relocating ROIs using 

laser-based marks (‘tattooing’)
96

 will be important for intravital CLEM. With EM, structural informa-

tion within whole living organisms can be obtained, as has been applied to study zebrafish
98-100

, 

mouse neuronal circuits
101

 and tumor cell invasion in mice
97

. 

 

Hardware and software solutions 

High-content EM imaging (large FOV, high resolution, 3D) is still limited by acquisition time. Although 

obtaining serial sections for 3D imaging has been facilitated by developments such as an automatic 

tape-collecting microtome
102

, and although, with SBEM and FIB-SEM, serial sectioning may be 
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bypassed, faster approaches for data collection are still needed and are ongoing. For instance, 

multibeam scanning EM
103, 104

 and multi-energy deconvolution scanning EM
103

 lead to an increase of 

at least one order of magnitude in acquisition speeds. High-content machines typically run 24/7, 

thereby limiting the number of samples that can be analyzed. Although application of high-content 

2D and 3D CLEM is increasing, software development for reconstruction and analysis is required. In 

order to obtain high-content CLEM data, where the extent of EM analysis matches the FM scale, 

researchers can apply large-scale 2D and 3D EM reconstruction approaches. For recognition of EM 

structures, semiautomated software is being developed, such as Ilastik
101

 and TrakEM2 (ref.
105

), but a 

routine automated solution is not available yet. 

Closing the mesoscale gap 

A recent development in 3D imaging is the application of soft X-ray microscopy to biological 

samples
106, 107

; 40-nm3-resolution images with a lateral FOV of 20 μm and 10-μm depth have been 

obtained using this approach. By correlating soft X-ray microscopy with FM, researchers could image 

endosomes and phagosomes in cryofixed cells with high resolution
108

. Further correlation with high-

magnification EM will create another way to cross scales from large-volume whole-organism FM to 

ultrastructural EM detail. In addition, integrated microscopes allow for cathodoluminescence (CL) 

examination, with which EM beam excitation of a probe results in light emission
109

. The emitted light 

spot can be correlated to the position of the electron beam, providing optimal simultaneous CLEM 

and making it possible to define the underlying structure. Application of this method will require 

biofunctionalization of CL probes, which should be pioneered in fixed specimens. Nanoparticles with 

distinct CL emission spectra
109

 and CL protocols
110

 will aid in future application of CL-CLEM in the 

biosciences. 

 

Concluding remarks 

Imaging molecules in time and 3D space has transformed LM into a powerful biological research tool. 

With the development of combinatorial probes, tags, approaches and microscopes—including 

integrated systems—for CLEM, these experiments can be further put in their ultrastructural context. 

In parallel, super-resolution fluorescence techniques have moved FM resolution, now up to 20 nm, 

toward that of EM, allowing for higher-resolution localization solely with fluorescent probes. 

Conversely, with the increasing use of automated transmission EM, scanning EM and automated 

tiling software, EM acquisition size can match scales with conventional LM in both the planar and z 

directions, providing high-content CLEM images. Given these ongoing developments, we foresee 

broad implementation and a bright future for CLEM. 
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Supplementary information 

Supplementary table 1 | Overview of CLEM implementation – Selected studies on different  

biomaterials and in different research fields as a reference when implementing CLEM. 
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Field & use CLEM approach or specifics Ref 

A. Human tissue   

Identifying axillary sweat gland structures En bloc CLSM, serial section TEM 
1
 

Skin (also connections and protrusion in colon cancer cells)  Integrated microscopy – FM-SEM 
2
  

Reconstruction of kidney glomerular basement membrane STORM-SEM 
3
  

B. Non-human tissue  

Visualizing different cell types in mouse cerebellum Pre-embedding QD-labeling 
4
 

Golgi intermediates trafficking  GFP – HRP immunolabeling 
5
 

Architecture and ultrastructure of neural circuits (mouse) Array tomography (IF) 
6
  

Wheat in intestine and peroxidases in liver (rat) Integrated FM-TEM 
7
  

Anatomy and physiology of visual cortex neurons Intravital - large-scale 2D/ 3D CLEM  
8
 

Mitochondria in C. elegans and synaptic adhesion (mouse) MiniSOG 
9
 

Visualization of pre-synaptic proteins in brain (rat) GFP photo-oxidation  
10

  

Calcium uptake and deposition in embryos (sea urchin) iM – AirSEM  
11

 

Macrophages vs. microglia in neuro-inflammation (zebrafish) Intravital 
12

 

Tumor cell invasion (mouse) Intravital 3D CLEM 
13

 

 C.1 Eukaryotic cells – Primary cells    

RNA-containing nuclear structure in early apoptosis iM – FM-TEM Tokuyasu labeling 
14

  

α-synuclein localization in neurons Tetracysteine/MiniSOG 
15

 

Neuron differentiation, networking, phagocytosis  iM – ASEM fluorescent beads 
16

  

 C.2 Eukaryotic cells – Cell-lines    

Dynamics and trafficking of gap junctions Pulse-chase TC-ReAsH/FlAsH 
17

  

In mitotic cells four Golgi’s are present TC-ReAsH 
18

 

Mitochondrial transformation during apoptosis Live-cell, TC-FlAsH, TMRE; (3D) TEM 
19

  

Identification of detergent resistant membrane rafts  Pre-embedding IF, TEM 
20

  

Actin structure and clathrin mediated endocytosis IF, metal-replica EM 
21

 

Ca
2+

 sensor in ER; Cytoskeleton in growth cones and synapses  iM – ASEM, FNG immunolabeling 
22

  

Diacylglycerol and nuclear envelope/ER reorganization in mitosis Pre-embedding FM, TEM 
23

  

Adhesion by synaptic neurexin and neuroligin Pre-embedding FM, TEM 
24

  

Mitochondrial structure and membrane relationship PALM, followed by FIB-SEM 
25

 

Connexin43 imaging  APEX-GFP fusion tag 
26

 

mAtg9 in autophagy regulation Combinatorial FPs + immunogold 
27

  

Von Willebrand Factor remodeling during exocytosis GFP, IF, TEM, tomography 
28

  

CCCP as trigger for mitophagy Live-cell CLSM, followed by TEM 
29

  

GLUT4 expression, localization and quantification in adipocytes Combinatorial GFP + immunogold 
30

  

Autophagosome formation  Combinatorial GFP + immunogold 
31

  

Diacylglycerol in nuclear envelope, reticulum and Golgi iM – FM-SEM with GFP  
32

 

Identification of endosomes and autophagosomes  cryo-FM and cryo-soft X-ray  
33

  

Variation nuclear pore symmetrie  STORM – SEM  
34

 

3D position of epsin on clathrin-coated structures PALM – metal-replica EM 
35

 

 C.3 Eukaryotic cells – Unicellular organisms   

Plasma membrane reshaping during endocytosis in yeast FPs; 3D EM, with fluorescence 
36

  

Type VI secretion system of Myxococcus xanthus Correlated 3D-PALM cryo-EM 
37

  

Detailed Golgi architecture in Saccharomyces cerevisiae 3D CLEM by serial Tokuyasu  
38

  

Polarized actin for sorting axonal and dendritic proteins  Membranes: phalloidin and SEM 
39

  

 D.1 Micro-organisms and viruses    

Chemosensory machinery and cell division in e. coli GFP-ferritin 
40

 

 D.2 Micro-organisms and viruses – In cells    

Virus infection of mammalian cells Fluorescent HIV, live-cell; FIB-SEM 
41

  

Rubella virus-induced cell structures Metallothionein tagging 
42

 

Dynamics of HIV-containing compartments in macrophages Live-cell FM; TEM 
43

  

Infection of human skeletal muscle cells by Influenza A  Pre-embedding IF; TEM 
44

  

Yersinia pseudotuberculosis during host infiltration Pre-embedding fluorescence; TEM 
45

  

 D.3 Micro-organisms and viruses – In organisms   

Mycobacterium marinum containing granulomas in zebrafish  Pre-embedding FM; TEM 
46

  

Requirement of importin-α7 for Influenza A replication (mice) GFP-virus. CLSM, ESEM, TEM  
47

  

E. Method books for CLEM   

Methods in Cell Biology volume 111, 2012 Various techniques 
48

 

Methods in Cell Biology volume 124, 2014 Various techniques 
49

 

Methods in Molecular Biology volume 1117, 2014 Various techniques 
50
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