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Abstract
Correlative microscopy is a sophisticated approach that combines the capabilities of typically
separate, but powerful microscopy platforms: often including, but not limited, to conventional
light, confocal and super-resolution microscopy, atomic force microscopy, transmission and
scanning electron microscopy, magnetic resonance imaging and micro/nanoCT (computed
tomography). When targeting rare or specific events within large populations or tissues,
correlative microscopy is increasingly being recognized as the method of choice. Furthermore, this
multi-modal assimilation of technologies provides complementary and often unique information,
such as internal and external spatial, structural, biochemical and biophysical details from the
same targeted sample. The development of a continuous stream of cutting-edge applications,
probes, preparation methodologies, hardware and software developments will enable realization of
the full potential of correlative microscopy.

INTRODUCTION
In this era of genetic manipulation, the widespread adoption of fluorescent protein chimeras
has a prominent role in enhancing our understanding of cellular and molecular phenomena.
As new molecules of interest are discovered and known molecules reassessed, fluorescent
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protein fusions have become a critical tool to analyze their functions from the whole
organism to sub-cellular machinery to single molecules. However, it is clear that no single
imaging technology can reveal all the details of a biological sample. This readily can be
appreciated when one considers while transmission electron microscopy has the best
resolution, live cell imaging is not possible and has restricted field-of-view and severe
limitations in three-dimensionality. Conversely, photon-based optical microscopy, enables
live-cell, large field-of-view and is far more amenable to extended 3D imaging, but spatial
resolution often prevents definitive localization. It is thus a natural extension of the various
imaging tools, each with inherent capabilities and limitations, to expand the overall
information content by correlative microscopy.

The concept of correlative microscopy is not new. Virtually all classically-trained electron
microscopists screen semi-thick resin sections from a microtome and by light microscopy
(LM) to locate a desired region of the sample for ultrathin sections and transmission electron
microscopy (TEM). Although the same exact region is not viewed by both LM and TEM,
this simple approach exploits four fundamental features of correlative microscopy: 1)
identifying a specific target (structure, region, cell type, tissue or biological phenomenon),
2) putting the target into context of a much larger region, 3) unique information content
from different probes, stains or contrasting reagents, and 4) resolution improvements by EM
that provide ultrastructural detail. Any one of these features justifies the appropriate use of
correlative microscopy. Indeed, this basic approach has naturally evolved into to the most
commonly applied correlative combination referred to as Correlative Light and Electron
Microscopy (CLEM).

While the merits of basic CLEM are well documented, there are numerous other correlative
combinations that can broaden the range of data content from individual targets. However,
more sophisticated correlative methods require the precise relocation of the same target
using very different sample preparation protocols, support structures, contrasting
mechanisms and physical sample size. Here, we describe major advances the key areas of
sample preparation, correlative probes [1,2], automation and image alignment that will have
the biggest impact on driving the development and mainstream application of correlative
microscopy. Detailed protocols are beyond the scope of this opinion, however references to
excellent reviews [3] and methods are provided to guide those interested in exploring recent
advanced adaptations of correlative microscopy.

Sample Preparation
Careful consideration of fixation is paramount to minimize artifacts that lead to data
misinterpretation. While conventional fixation has its place (and in some cases is the only
way to preserve samples) physical fixation using cryogenic methods is the gold-standard for
ultrastructural preservation. This is attributed to the rapid cessation of cellular activity within
milliseconds as opposed to minutes with conventional chemical fixation. Cryo-fixation
technologies such as high-pressure freezing (HPF) are invaluable for following highly
dynamic events such as vesicular trafficking [4•] or nuclear division in C. elegans [5] and
Drosophila embryos [6]. Placement of the Leica EM PACT2 Rapid Transfer System HPF
adjacent to a light microscope, allows extended live-cell time-lapse imaging of a dynamic
cellular phenomenon and then rapid freezing during an event of interest in less than 5
seconds. While not instantaneous, many biological phenomena work well in this kinetic
time-frame. Speigelhalter et al. [7] used this elegant approach with confocal microscopy to
follow effects of hyper-osmotic treatment on COS-1 cells transfected with several
fluorescent protein fusions, subsequently high-pressure frozen, resin embedded and
immunogold labeled for serial section EM tomography (Fig 1). Current HFP designs require
sample transfer from a separate microscope to a freezing apparatus. It is tempting to
consider the possibility of a high-end optical microscope as an integrated as part of a high-
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pressure freezer. Without the need for transferring the sample, freezing could occur in less
than one second. If digital images are acquired, pre-defined pattern or intensity based
recognition of an event could trigger freezing without user intervention.

Correlative Probes
A current limitation of correlative microscopy is lack of compatibility between probes used
in light microscopy and the standard preparation protocols that typically employed on
another imaging platform. Many organic dyes and FPs quench when moved from an
aqueous to a solvent or dehydrated environment. For FPs, addition of 5% water in solvent or
resin steps enables preservation en bloc [8]. Fortunately, even if fluorescence cannot be
maintained en bloc, we can garner much information by overlaying images from two
different microscopes [9].

The most precise localization is often required for gleaning insights to proteins with
unknown function. High-resolution correlative approaches that utilize nanoparticles such as
gold [7], FluoroNanogold [10], quantum dots [1,11,12] and DAB photooxidation [13] have
proven valuable for permitting contrast in optical as well as electron microscopy. See
detailed reviews on correlative probes [1,14•,15]. Ultimately, immune-based probe size
considerations, functionalization strategies and requirements for antibodies or other affinity
chemistries, require permeablization, whether in the form of extracting detergents, solvents
or sectioning methodologies. Furthermore, the precision of localization is reduced to ~15nm
for indirect labeling, which is sufficient for localizing many molecules, but spatially, we
frequently need better. Furthermore, the suitability for a given project can be impeded by
low labeling density and steric hindrance.

Photooxidation holds great promise to circumvent issues of penetration and resolution found
with immune-based nanoparticles. With organic dyes or fluorescent protein fusions, the
production of singlet oxygen while photobleaching in the presence of diaminobenzadine
(DAB) results in the formation of highly localized and osmiophilic electron dense
precipitate at the sight of the fluorophore [13]. Shu and colleagues ([16• •] recently reported
the creation of a mini-superoxide generating (miniSOG) tag derived from a plant
flavoprotein that fluoresces with blue light excitation (Fig 2A) and has been optimized to
generate singlet oxygen more than two orders of magnitude better than GFP, thus
dramatically improving the sensitivity of DAB for genetically encoded fusion proteins(Fig
2B–2E).

Hybrid Versus Automated Approach
The single most significant bottleneck in correlative microscopy is the slow and laborious
process of sample relocation between imaging platforms, hence the appeal for hybrid
systems that do not rely on separate microscopes. The most widely used hybrid system is an
AFM microscope integrated with an inverted light microscope. In this case, the light
microscope serves as an excellent tool for identifying cells or other structures using
transmitted light and fluorescence microscopy combined with a host of biophysical
measurements derived from AFM [17][19] (Fig 3A). High-speed AFMs [20], molecule
dynamics with TIRF [21] and high-resolution force volume mapping to reveal surface
ligand/receptor interactions [18] [22], are especially promising for live cell work. Similarly,
a number of other novel hybrid integrations with exciting potential have been reported
including LM/SEM [23], AFM/SEM [24] , AFM/microtome [25] and LM/TEM [26].
Imaging samples at cryogenic temperatures for both fluorescence and TEM tomography is
now also technically possible [27,28]. In virtually all hybrid adaptations, compromises must
be made due to the unique physics and space constraints of each modality (i.e. resolution,
sample size and/or sensitivity) and their utility will be application dependent.
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Where hybrid systems are unfeasible or unavailable, most laboratories currently use a
combination of masks, finder grids or mapping and highly skilled operators to facilitate the
relocation of samples [9,29]. Relocating a sample on different imaging platforms is non-
trivial, often requiring a precision down to a few tens of nanometers. Under these
circumstances, automating relocation can substantially increase throughput and reduce
technical proficiency required for correlative experiments. However, the specimen
preparation requirements for biological microscopy are complex, especially when live-cell
imaging is employed, making automation challenging. For example, visualization of live-
cells requires working in aqueous solutions to preserve viability of the organism,
maintaining fluorescence with many probes, and taking full advantage of the best optical
conditions for 3D imaging. In principle, automation (or manual relocation for that matter)
allows samples to be processed in an optimal way for each specific platform. Recently,
automated solutions have been introduced for correlative microscopy utilizing a coordinate
based relocation system between calibrated conventional LM and SEM motorized stages
[30]. This simple, yet powerful solution allows quick identification and image
documentation in all LM modes (i.e, fluorescence, phase contrast, DIC) and rapid location
via SEM, automatically matching field-of-view and a basic overlay routine of corresponding
images, shaving hours off of the manual process. Throughput is dramatically increased
bringing the efficiency and productivity of correlative microscopy to a level where statistics
can be employed.

Image Alignment
Image alignment is a significant challenge for correlative microscopy and this is
compounded by the fact that not only can non-linear distortions occur due to inherent
differences between various scanning and imaging systems, but also numerous processing
steps leave them prone to physical distortions (i.e, shrinkage, sectioning artifacts).
Furthermore, because data is often near or beyond the boundaries of what is measurable,
each type of microscopy introduces artifacts: AFMs dilate the specimen shape by the shape
of their probe, LM convolves fluorescence by point-spread-function, and SEMs produces
edge effects. Simple alignment measures are precluded because intensity patterns are often
not easily compared and resolution differences between images are common. All of these
issues pose challenges with finding and accurately aligning corresponding regions in the
images. Possible solutions include: 1) image similarity measures or markers not based on
direct intensity comparisons, 2) surrogate images to perform landmark-based alignment
manually [31,32] or automatically [33•] (Fig 3B–D), 4) a model-based approach, or 5) a
combination of these methods. Alignment can be greatly simplified by adding fiducial
markers (gold or beads) which can be easily identified in the images to be aligned [34• •]
[35]. Fiducial markers can provide candidate feature points and correspondence can be
established through random sampling [33]. Alignment accuracy is not always limited by the
lower-resolution image, since model-based fitting approaches such as FIONA [36] can
obtain sub-pixel accurate estimations of features. Because model-based optimizations
typically require many iterations of forward simulation, the associated microscope
simulators must be fast. GPUs have been employed to accelerate AFM simulations for the
combined fluorescence/AFM simulator and [37] enabled even more rapid simulation of
fluorescence images for the same tool

The Future of Correlative Microscopy
The most significant near term impact on correlative microscopy will come from the rapid
development and availability of suitable commercial solutions putting this approach at the
fingertips of many more scientists. Furthermore, it must be stressed that the scope of
correlative microscopy must be considerably broadened to include any combinations of the
numerous more advanced tools that exist such as; Förster Resonance Energy Transfer
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(FRET) [38,39], Fluorescence Correlation Spectroscopy(FCS) [40•], Raster-scan Image
Correlation Spectroscopy (RICS)[40•], Total Internal Reflection Fluorescence [40•], super-
resolution [41,42], single molecule fluorescence [43,44] and various other optical techniques
[45• •]. The prevalence of correlative approaches in super-resolution (SR) microscopy
[46,47] suggests the importance of the technique in bridging the LM-to-EM resolution gap
and the need to identify and confirm the labeling of targeted structures and validate SR
approaches. This supports the notion that any single microscope technology is unable to
provide a comprehensive understanding of the inner workings of a cell.

SEM will also make a huge contribution to correlative efforts with TEM-like images using
backscattered electrons and large area mapping capabilities especially suitable for tissues.
SEM in combination with serial block face imaging [16,48], serial sectioning [49] and array
tomography [8], or focused ion beam [50,51] enables 3D imaging of much larger areas than
possible with TEM. When one considers all the possible combinations, an increase in use of
more than just two modalities for single targeted structures for ex ample AFM/LM/FIB (Fig
4) is expected. Furthermore whole animal approaches such as magnetic resonance imaging
[52], x-ray based computed tomography [53] and bioluminescence [54] will play an
important role as we target pathologies down to an individual cell [54] for subsequent high-
resolution analysis. To reach its full potential, efforts must include precise alignment
(potentially single molecule), segmentation and visualization tools to create an integrated 3D
cellular/organism map which ultimately allows coordinate or feature based extraction of data
(Fig 4). This could be further extended with automatic macromolecular molecular
identification and include embedding 3D molecular structures into high-resolution EM
tomograms of cells [55].

Conclusions
Recent correlative efforts have placed emphasis on new probes, compatible sample
preparation methods, automation, standardized cell and tissue support and transfer devices,
fiducial markers and data alignment/integration. The clear need for monitoring multi-
parameters for individual events maximizing information content cannot be overstated.
However, in order to meet the demands of rigorous scientific protocol, the power of
statistics must be a driving factor in this endeavor. Thus, a concerted effort must be placed
on automation of the process whenever possible to dramatically increase throughput,
ensuring both statistical significance of observations and allowing correlative microscopy to
be more broadly adopted. By its very nature, life science-based correlative microscopy is a
collaborative approach often minimally requiring expertise in genetic manipulation, cell-
culture, immuno-labeling, cryo-preparation, and all other technical skills that accompany
light and electron microscopy, not to mention the numerous other imaging modalities
described herein. However, many new tools are now available that facilitate a correlative
project via novel probe techniques and dramatic reduction in the time from start to finish.
Correlative microscopy has arrived and we strongly encourage researchers to take full
advantage this directed, multi-faceted and rapidly evolving approach when a single imaging
technology is just not enough.
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Highlights

• Correlative microscopy combines multiple imaging platforms for targeted
analysis.

• Sample preparation is critical for successful correlation.

• Probes which contrast at light and electron level are discussed.

• Improved software and hardware tools for automation facilitate throughput.

• Value of correlative microscopy enhanced by broader application and data
integration.
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Figure 1. Correlative light microscopy with TEM tomography
GFP-BIN1 expression in COS-1 cells. Bridging of specific GFP-BIN1 localization from
confocal microscopy to high resolution TEM is illustrated by the correlation of a fluorescent
image (A) with sequentially higher resolution EM micrographs (B–D). GFP-BIN1 localizes
to tubules (arrow heads) and TEM places the localization into the subcellular context of
mitochondria (M), lysosome (L) and nucleus (N) (D). An EM tomogram generated from 139
tilted images provides additional 3D information of the relation of tubules (yellow) to
mitochondria, nuclear envelope, endosomal vesicles and lysosomes (grey), microtubules
(red) and actin (black). Figure adapted from Speigelhalter et al. [8].
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Figure 2. MiniSOG: a genetically encoded tag for correlative light and EM microscopy by
photooxidation
(A) Structural model of miniSOG (left) and a diagram showing how blue-light excitation
leads to photooxidation of diaminobenzidine (DAB) (right). (B–E) minSOG fused to α-
actinin and expressed in HeLa cells. Confocal fluorescence (B) correlates with dark
precipitation visible by transmitted light (C) and electron micrographs (D). Higher
resolution EM shows discrete localization to a putative focal adhesion site (E). Arrows
indicate correlated structures. Figure adapted from Shu and colleagues ([16].
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Figure 3. Correlative AFM and fluorescence microcopy automated image alignment
Correlative microscopy using the Bruker BioScope Catalyst AFM/LM hybrid system with
overlay alignment made in real time, pixel by pixel (A). User-defined locations can be
targeted for single point force curves for measuring unbinding events (yellow crosses), AFM
height image (brown ,35 × 35 μm overlay), or force volume mapping (yellow frame)and
with the MIRO canvas fluorescence image can be directly chosen and navigated to using the
software. Image provided courtesy of Alexandre Berquand (Bruker), Andreas Holloschi and
Petra Kioschis (University of Applied Science). Marker (blue) previously found in an
automatic finding stage (B). During registration, these AFM markers are mapped to the
corresponding locations in the fluorescence image (C). The two images can then be
automatically overlaid with high accuracy. The topography was generated from the AFM
images and the colormap originates from the fluorescence image; the numerous bright
“hills” indicate that the automatic alignment was successful (D). Panels B–D were provided
courtesy of Serdar Cakici (University of North Carolina, Chapel Hill).
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Figure 4. Hypothetical correlative approach to create an interactive and integrated 3D cellular
map with biophysical, structural and chemical measurements acquired from a single yeast cell
Future prospects will likely include correlation of high resolution surface properties
collected from different AFM modes (green text box) with characteristics obtained my
multiple, advanced light microscopy or spectroscopy techniques (blue text box). This sample
could then be rapidly frozen and processed to create high resolution 3D reconstructions from
serial block-face imaging with focused ion beam SEM (center yeast cell). We envision this
data set may be navigated in an interactive interface (similar to Google Earth), where
specific points (cross hairs) can be chosen and a list of characteristics would be displayed
(hypothetical values provided). The bottom row illustrates possibilities with such a muti-
modal correlative dataset consisting of high resolution localization by DAB photooxidation,
3-color localization by STORM super resolution, diffusion coefficient map by raster image
correlation spectroscopy, protein-protein interaction by FRET and live cell dynamics by
confocal microscopy.
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