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Correlative cathodoluminescence electron
microscopy bioimaging: towards single protein
labelling with ultrastructural context

Kerda Keevend, €22 Toon Coenen® and Inge K. Herrmann (& *@°

The understanding of living systems and their building blocks relies heavily on the assessment of struc-
ture—function relationships at the nanoscale. Ever since the development of the first optical microscope,
the reliance of scientists across disciplines on microscopy has increased. The development of the first
electron microscope and with it the access to information at the nanoscale has prompted numerous dis-
ruptive discoveries. While fluorescence imaging allows identification of specific entities based on the lab-
elling with fluorophores, the unlabelled constituents of the samples remain invisible. In electron
microscopy on the other hand, structures can be comprehensively visualized based on their distinct elec-
tron density and geometry. Although electron microscopy is a powerful tool, it does not implicitly provide
information on the location and activity of specific organic molecules. While correlative light and electron
microscopy techniques have attempted to unify the two modalities, the resolution mismatch between the
two data sets poses major challenges. Recent developments in optical super resolution microscopy
enable high resolution correlative light and electron microscopy, however, with considerable constraints
due to sample preparation requirements. Labelling of specific structures directly for electron microscopy
using small gold nanoparticles (i.e. immunogold) has been used extensively. However, identification of
specific entities solely based on electron contrast, and the differentiation from endogenous dense gran-
ules, remains challenging. Recently, the use of correlative cathodoluminescence electron microscopy
(CCLEM) imaging based on luminescent inorganic nanocrystals has been proposed. While nhanometric
resolution can be reached for both the electron and the optical signal, high energy electron beams are
potentially damaging to the sample. In this review, we discuss the opportunities of (volumetric) multi-
color single protein labelling based on correlative cathodoluminescence electron microscopy, and its
prospective impact on biomedical research in general. We elaborate on the potential challenges of corre-
lative cathodoluminescence electron microscopy-based bioimaging and benchmark CCLEM against
alternative high-resolution correlative imaging techniques.

method enabling fast routine live-cell monitoring. The non-inva-
sive nature, simplicity, the ease of sample preparation and the

Microscopy has enabled some of the most disruptive scientific dis-
coveries, including the discovery of pathogenic microbes and
viruses. Despite rapid developments in the last 50 years in the field
of electron and scanning probe microscopy, most of the
microscopy investigations in biology still rely on light microscopy
(LM). LM is instrumental for biology, as it is the only microscopic
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optical transparency of cells make LM particularly attractive for a
variety of experimental investigations in the fields of biology and
biomedicine." Fluorescence microscopy (FM) in particular allows
simultaneous visualization of several cellular entities, including
nucleic acids, proteins, and lipids by using fluorescent labels, such
as organic fluorophores, semiconductor nanocrystals, and fluo-
rescent proteins.” FM has become a genuine workhorse technique
in the overwhelming majority of biological research labs. However,
the spatial resolution of traditional fluorescence microscopy is
limited by Abbe’s diffraction limit due to the wave nature of the
light."”> As a consequence, nanoscale light-emitting objects are
detected as a finite-sized spot, also known as the point-spread
function (PSF). The PSF is a Gaussian-like intensity distribution of
small (point-like) objects in the image and its width is quantified

This journal is © The Royal Society of Chemistry 2020
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by the fullwidth-halfmaximum (FWHM). The FWHM in a tra-
ditional lens-based system is typically 200-300 nm in the focal
plane and strongly increases, reaching around 500-800 nm, in the
axial plane.’ Biomolecules are however, in the range of a couple of
nanometers,” and as such cannot be resolved by traditional fluo-
rescence microscopy.' ™

Pushing the limits: sub-diffraction
optical imaging of biological samples

For decades, researchers tried to overcome the diffraction limit
by using near-field optical microscopy (NOM) methods based
on the detection of non-propagating (evanescent) light waves
close to the sample surface by using nano-sized tips.'”
However, NOM is mostly surface sensitive and cannot visualize
internal subcellular structures. Therefore, in biology, far-field
techniques are preferred and have given rise to the develop-
ment of super-resolution (SR) techniques, also known as
optical nanoscopy, which aim to improve the resolution of tra-
ditional lens-based fluorescence microscopy.' Super-resolution
techniques can be broadly divided into two groups:® (i)
methods that use patterned illumination to control the emis-
sion behavior of fluorescent molecules, like Structured
Illumination Microscopy (SIM)” and Stimulated Emission
Depletion (STED) microscopy,® and (ii) methods that use
photo-switching or other mechanisms to stochastically activate
single molecules at different times and reconstruct images of
measured positions of individual fluorophores, like Stochastic
Optical Reconstruction Microscopy (STORM),”'®  Photo-
Activated Localization Microscopy (PALM)" and Stochastic
Optical Fluctuation Imaging (SOFI).">"? Super-resolution tech-
niques have led to significant improvements in resolution,
readily achieving lateral resolution of ~10-40 nm and axial
resolution well below 100 nm, in some cases even ~50 nm."”
Balzarotti et al.'* recently demonstrated ‘MINIFLUX’, which
allows localization of fluorescently labelled molecules with
6 nm lateral resolution and established three-dimensional
(3D) and multi-color imaging with the same system.'”> SR-FM
requires specific fluorescent properties, like photoactivation,
stability, high quantum yield and brightness, which have been
extensively studied and optimized for hydrated conditions.'®™®
While conventional FM is routinely employed for dynamic live
cell imaging, SR-FM is mostly performed on fixed samples due
to high laser power, long image acquisition times and lack of
suitable probes.'®'® The most fundamental limitation of
optical nanoscopy is the achievable labelling density with
respect to the required resolution. Often the required labelling
densities are not achievable in biological samples without
altering their function.>?® Nevertheless, commercially avail-
able super-resolution setups are widely adopted in biomedical
research. Super-resolution techniques are discussed in more
detail in recent reviews.>>*!

While fluorescence microscopy is an irreplaceable method
for functional studies, the context is often missing as the
majority of cell constituents remain unlabeled.** Therefore,
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insight into cellular ultrastructure plays a crucial role in under-
standing and contextualizing the LM data. Electron
microscopy (EM) is a powerful technique for visualizing the
cellular ultrastructure. Electron microscopes operate in high
vacuum conditions and biological samples must undergo
laborious sample preparation routine (fixation, dehydration,
staining, resin embedding) to make them compatible for such
harsh conditions. In the conventional sample preparation
route, (large) biological samples are chemically fixed using
strong fixatives that cross-link the biomolecules. This is fol-
lowed by the staining with heavy metals that result in non-
specific membrane staining, dehydration and resin embed-
ding, ie. impregnation with liquid (typically hydrophobic)
resin, which is then polymerized into a solid block. The cured
polymer blocks are trimmed and sectioned by ultramicrotomy
before subjecting the samples to EM investigations
(Fig. 1)."7**° The localization of specific biomolecules, e.g.
lipids and proteins, is only achievable using additional elec-
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Fig.1 The most commonly used electron microscopy sample prepa-
ration techniques including immunolabeling protocols. Protocols
adapted from Guo et al.?*
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tron dense labels, such as immunogold.**” Immunogold con-
sists of small functionalized gold nanoparticles, which are
conjugated to antibodies for specific targeting and is nowadays
widely adopted in electron microscopy. Immunolabeling has
been demonstrated both in pre®®- and post-embedding (on
section)®” protocols. Even though the immunogold method
has been around for decades, it still faces challenges. Despite
fascinating achievements and localization of multiple targets
based on differently sized and shaped immunolabels,>*°
immunogold has limited feasibility for co-localization studies
(i.e. simultaneous observation of several epitopes)*®*! due to
variations in sample penetration properties. This limitation is
partially overcome by using quantum dot-based immunolabel-
ling, which show superior tissue penetration.?*** Additionally,
the differentiation of the small gold nanoparticles from other
(endogenous) electron dense structures is problematic.*

EM sample preparation requires careful balance between struc-
tural integrity and antigenicity.”® The Tokuyasu method is often
employed for preparation of EM immunolabeled samples. The live
samples are chemically fixed, dehydrated using cryoprotection
(sucrose) and frozen for cryo-sectioning. Subsequently, the
obtained sections are thawed or further embedded and immunola-
beled using external antibody-based labels.*>** However, chemical
fixation is slow and associated with structural changes®~® and
more often than not, alternatives such as fast (plunge) freezing
(vitrification) are preferred to preserve a sample in its near-native
state.®” Small samples (protein solutions, purified virus samples or
cellular monolayers) applied directly to the EM grid are plunged
into liquid ethane, which quickly freezes the sample and embeds
it to amorphous ice.”® For larger samples, high-pressure freezing
(HPF) becomes more beneficial, as the living samples are simul-
taneously exposed to high pressure (2100 bar) and rapidly cooled
to liquid nitrogen temperature. The samples can be further freeze-
substituted and embedded to resin at low temperature.”**° HPF
excellently preserves biological ultrastructure, but fixation of larger
samples (>200 pum thickness) is limited by the formation of ice
crystals, which hinders whole tissue investigations.>*"*

Combining light and electron microscopy data enable to
gain true insight into functional context.’” While traditional
correlative light and electron microscopy (CLEM) suffers from
the two orders of magnitude resolution mismatch between the
two methods, correlative super-resolution light and electron
microscopy (CSREM) partially overcomes this gap thanks to
significantly improved resolution of the optical signal.>**”*

Since the first demonstration of CSREM,'' microscopy
hardware has rapidly developed for both imaging modalities
leading to fascinating new imaging capabilities, that are exten-
sively reviewed by Hauser et al."”

The main remaining challenges are thus oftentimes linked
to the incompatibility of LM and EM sample preparation
protocols.”>** On one hand, fluorescence microscopy samples
require mild chemical fixation and permeabilization of the
cells prior to the labelling, which diminishes ultrastructure
preservation.>*4%3

On the other hand, EM sample preparation requires strong
fixatives (like glutaraldehyde and osmium tetroxide), which
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obscures epitopes for antibody labelling and quenches
fluorescence.*®** Therefore, overcoming these challenges
necessitates  careful  strategies and  non-traditional
probes.>>***> For example, recent developments in genetically
encoded tags developed for CLEM/CSREM allow use of the
conventional EM sample preparation route because of new
osmium resistant photoactivatable fluorescent proteins, which
enable super resolution microscopy on resin embedded
sections.”™*® Many (SR)-CLEM methods require fluorescent
imaging prior to the EM sample preparation,®” while others
have adapted EM sample preparation protocols by reducing
the amount of strong fixatives in order to preserve
fluorescence.***®* However, the modifications on the embed-
ding protocols oftentimes result in critical structural altera-
tions and poorly preserved ultrastructure, which makes corre-
lation between LM and EM images even more problematic.”?
Cryo-fixation is a superior method for ultrastructure preser-
vation, but cryo-SR-FM is still challenging. First, cryo-SR-FM
requires special fluorophores to exploit blinking phenomena
at low temperature.’® Although cryogenic conditions increase
fluorophore photostability and dark state lifetime enabling
high contrast,”®® the underlying photophysics of SR fluoro-
phores in cryo-conditions is poorly understood. Second, the
most used single molecule localization techniques require
high laser powers, causing local devitrification of the samples,
which may result in sample damage.’™* The vitrification can
be alleviated by lowering the laser intensity’” or introducing
cryoprotectants.”’ Additionally, only the lower numerical aper-
ture (NA) air lens could be used and it must be separated from
the cryo-sample resulting in reduced light collection and
resolution.”*?”** Wang et al.> recently overcame this problem
by using solid immersion lens for multi-color STORM demon-
strating single molecule resolution (12 nm) in cryo-conditions.
Hoffman et al’® combined cryo-SR imaging prior to EM
sample preparation and demonstrated whole cell 3D CSREM
using 3D-SIM and FIB/SEM techniques. However, performing
FL imaging prior to the EM sample preparation could cause
difficulties in image alignment and critical structural altera-
tions as the EM sample preparation causes nonlinear and
spatially inhomogeneous sample deformations.’® Instead of
performing cryo-SR-FM before the EM sample preparation,
freeze-substituted samples enable SR-FM imaging in ambient
temperatures using high NA objectives.’>>® Nevertheless, SR
probes are optimized for hydrated conditions and their fluo-
rescence emission after dehydration and resin embedding is
usually compromised.'”*°

Generating light by focused electron
beams: cathodoluminescence
electron microscopy

Rather than collecting optical information with super-resolu-

tion light microscopy based techniques, sub-diffraction resolu-
tion can also be obtained by measuring photon emission

This journal is © The Royal Society of Chemistry 2020
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resulting from the interactions of the samples with accelerated
electrons, a phenomenon known as cathodoluminescence
(CL).>”® The primary electron beam generates various signals
upon interaction with the sample, including secondary (SE)
and backscattered electrons (BSE), characteristic X-rays (EDX),
and luminescence (Fig. 2a). The aforementioned signals can
be used for imaging biological samples. Depending on the
sample preparation and imaging conditions, biological speci-
mens can be imaged in either ambient or cryogenic conditions
using scanning or scanning transmission mode (Fig. 2b).
Cathodoluminescence is usually collected by a parabolic
mirror and detected by a photodetector or spectrometer.
Collection of all the emitted signals by the sample in response
to electron beam interactions allows simultaneous analysis of
sample morphology, composition, and luminescence pro-
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perties. CL has been implemented to scanning electron micro-
scopes (SEM) (Fig. 2c and d)**®' and scanning transmission
electron microscopes (STEM) (Fig. 2e).>”%*"** Recently, systems
equipped with a pulsed electron beam® (Fig. 2d) in conjunc-
tion with time-resolved CL detection®® or integrated light-elec-
tron microscopes®>®”°® (Fig. 2f) have gained attention, as they
allow studies on complex dynamics of the materials.®®
Cathodoluminescence can be generated by distinct physical
processes that are commonly divided into two main categories:
incoherent and coherent CL emission.’®®® Incoherent emis-
sion is typically generated within the medium and is incoher-
ent, unpolarized and isotropic. Although this excitation
mechanism for cathodoluminescence is comparable to other
luminescence phenomena, e.g. photoluminescence,”® electron
beam excitation generally leads to emission by all the lumine-
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(a) Generation of various signals via electron beam — matter interactions, including secondary (SE), backscattered (BSE), and Auger (AE) elec-

trons, characteristic X-rays (EDX) as well as cathodoluminescence (CL). (b) Different sample geometries and preparation methods suitable for the
different electron microscopy configurations. CL acquisition setups using (c) a scanning electron microscope (SEM) including focused ion beam
(FIB)/SEM,*®>° (d) a pulsed SEM,®® (e) a scanning transmission electron microscope (STEM),®® and (f) an integrated light and electron microscope.®®
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scence mechanisms present in the material since the electrons
act as a supercontinuum source.’®’° In photoluminescence,
the emission is strongly dependent on the excitation energy
hv.”® Systems containing impurities and defects, such as rare-
earth ion doped nanocrystals and nitrogen-vacancy centers in
diamonds, usually produce incoherent CL with multiple emis-
sion peaks.’® Coherent CL emission on the other hand has a
fixed phase relation with the incoming electrons and is
strongly polarized. Coherent transition radiation emission is
always generated when there is a refractive index contrast with
vacuum. Although coherent CL is generated in all materials,
the intensity is usually orders of magnitude weaker compared
to incoherent CL. Typically, (metallic) plasmonic systems are
characterized by their coherent CL emission, as incoherent CL
in these materials is diminished by non-radiative processes.®
This review focuses on the use of incoherent CL in biological
samples. More comprehensive overviews on CL in general can
be found in the literature.”®°%7°

The advantage of CL over traditional fluorescence methods
is its spatial resolution in nanometer range due to the highly
localized excitation, which is mainly driven by three factors: (i)
the electron beam spot size, (ii) the generation volume of the
signal, and (iii) the propagation of generated secondary charge
carriers within the sample.”’ However, depending on the
imaging method, e.g. SEM or STEM, all the above mentioned
factors contribute differently to the resolution. An electron
beam can be focused down to a nanometer scale beam waist
in modern electron microscopes. Note that scanning trans-
mission electron microscopes normally operate with smaller
spot size compared to scanning electron microscopes. The
spot size of an electron beam is mostly determined by the
beam current; a smaller spot size is achieved by using lower
electron beam current.”* At a given current, higher acceleration
voltages results in smaller spot sizes, however, lead to
increased CL generation volumes in bulk samples.”””"
Therefore, in SEM the resulting increased interaction volume
and lateral spread significantly reduces CL spatial resolution
when operating at high voltages.®® In STEM, the generation
volume is primarily determined by the thickness of the
sample, which is typically between 70 and 100 nm.”’
Calculations have shown that the diffusion length of the sec-
ondary charge carriers in biological samples is small and the
light generation predominantly occurs within the electron
beam excitation volume. This implies that the resolution of
the CL in biological samples does not hinge on the carrier
diffusion length.”” Depending on the sample, the chosen
instrumentation, and the imaging conditions, CL spatial
resolution well below the Abbe diffraction limit are well within
reach.®"”?

(Single protein) labels: nanocrystals
and nanodiamonds

Historically, the CL phenomenon has mostly been exploited
for the analysis of minerals and semiconductors, even though

15592 | Nanoscale, 2020, 12, 15588-15603
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first reports on CL in biological samples date back to the
1970s, where Pease et al.”* enhanced the contrast of spinach
leaves by absorbing thioflavin dyes into cell walls (Fig. 3a).
This early study gave rise to follow-up studies exploring poten-
tial cathodoluminescence dyes.”*”> However, CL emission
from these samples was poor and CL microscopy was con-
strained to niche applications in soft matter and life science.
Only with the emergence of luminescent inorganic nanocrys-
tals featuring bright and narrow emission, correlative cathodo-
luminescence electron microscopy (CCLEM) bioimaging has
gained increasing attention.>*®® Especially the prospect that
CL spectra can be acquired across a wide spectral range to
enable identification of specific protein labels directly based
on spectral signatures (Fig. 3b) rather than their electron
density and size (as in the case of immunogold labelling) gives
significant appeal to CL bioimaging.”®”” However, CCLEM still
faces obstacles related to poor CL signal as well as the electron
beam damage to the biological samples’® and the labels them-
selves’? due to relatively high energies required for the exci-
tation of existing luminescent labels. There is an urgent need
for bright and stable imaging probes for molecular labelling
applications in CCLEM setting.

The well-established fluorescence microscopy markers,
including organic fluorophores, fluorescent proteins, and
semiconductor quantum dots, are not suitable for CCLEM
since their emission stability and brightness are severely
limited.®>”® Organic molecules bleach rapidly under acceler-
ated electrons due to structural damage introduced by the
primary beam.”*’®%® Semiconductor quantum dots (QDs),
such as CdSe/ZnS structures, which have gained increasing
importance as probes in traditional fluorescence microscopy,
suffer from electron ionization, followed by trapping of the

ejected electrons at deep traps inside their matrix.”**
As  alternatives, rare-earth element (REE) doped
nanoparticles®>**%* (Fig. 3c) and fluorescent nanodiamonds

(FNDs)®>”%% (Fig. 3d) have been proposed as multi-color cath-
odoluminescence labels. In the case of the nanodiamonds a
range of (nitrogen-related) radiative defects can be employed
for this purpose. REE*" doped (nano)particles can be syn-
thesized with different lanthanide species, each with a distinct
emission spectrum. REE** doped nanocrystals have been
reported to show minimum bleaching when irradiated with
high-energy electrons, even after long-term exposure.®?
However, decreasing CL intensity using low acceleration vol-
tages has been reported.’*®' Loss in emission intensity in
REE®" doped nanocrystals can be attributed to knock-on
damage’®®* and the accumulation of active quenchers.®"%*7¢
Nonetheless, the stability of inorganic nanocrystals is still sig-
nificantly higher compared to widely adopted fluorescence
microscopy labels. The emission stability of nanodiamonds
has not been studied in detail, but STEM studies report that
they can be detected even after 2-3 hours of continuous beam
exposure.®’

Both REE*" doped nanocrystals and nanodiamonds show
high cytocompatibility,*>®” high emission stability, and have
been employed as potential labels in fluorescence®”®*® and

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Seminal examples of CL bioimaging. (a) First demonstration of cathodoluminescence on biological samples by Pease et al.”* demonstrating
CL emission from thioflavin dyes absorbed into spinach leaves. Reprinted by permission from Nature/Springer: Nature (Scanning Electron
Microscopy of Biological Material, Pease et al. 1966). (b) The first demonstration of multi-color CL of biological sample using rare-earth element
doped nanocrystals by Niioka et al.”” Secondary electron and CL images of Y,Oz nanoparticles doped with Tm (blue), Tb (green) and Eu (red) ions in
mouse macrophage-like cell line (J744A.1). Reprinted by permission from ©2011 The Japan Society of Applied Physics. (c) The first demonstration of
CL and full ultrastructural analysis from (I) STEM and (Il) FIB/SEM mode on biological samples by Keevend et al.>° (I) STEM bright-field image of
resin-embedded human cells incubated with green CL-emitting LaFs:Tb®* nanoparticles. (Il) BSE image of the same sample imaged using FIB/SEM
mode revealing well-preserved cellular ultrastructure and CL emission from LaFs:Tb>* nanoparticles. Reproduced by permission of The Royal
Society of Chemistry. (d) The first demonstration of immunolabelling on biological samples using CL-based label detection by Hemelaar et al.®” CL
and SE images (top) demonstrating presence of bioconjugated 70 nm FND on the surface of human epithelial colon carcinoma cell clusters (HT29)
and (bottom) the corresponding CL overlaid with BSE images. Scale bars: 1 ym. (e) Demonstration of cathodoluminescence resolution dependence
of the electron beam acceleration voltage in FIB/SEM setting — reprinted with permission from ref. 61. (I) BSE image of YVO,:Bi**,Eu** nanocrystal
containing human cells in a FIB cross-section. CL images acquired with 2 and 5 kV. Co-localization studies of BSE, SE, and CL signals in two regions
and the co-localization studies have been indicated (low magnification, a—a’ and high magnification, f—f'). (ll) CL image acquired with 10 kV accel-
eration voltage and the corresponding line profiles of SE and CL signals with different acceleration voltages for low-magnification (ax—a', A) and
high-magnification (B—f’, B) settings. Scale bars: 1 um. Copyright 2019 American Chemical Society.

cathodoluminescence®”””” bioimaging. The emission spectrum
can be tailored, enabling multi-color imaging, by introducing
impurities (e.g. REE**)°* or engineered defects®® in the nano-
crystals. Multi-color imaging is an attractive feature of CL
microscopy, especially since current protein labelling tech-
niques in EM are significantly limited in the simultaneous
detection of several epitopes as a result of the diffusivity differ-
ences of differently sized gold nanoparticles.***"°° Thus, cre-
ation of labels with similar size but distinct emission lines
helps to overcome the major immunogold limitation. Another
advantage of the proposed labels is their stable luminescence
emission in spite of the osmium staining or resin
embedding,’>*"%” in sharp contrast to conventional labels
used for CLEM and CSREM.*>**>? This is also an attractive
feature for in situ CLEM (i.e. same instrument for FL and EM
data acquisition®>?), although the majority of REE**-based

This journal is © The Royal Society of Chemistry 2020

nanocrystals require deep-UV excitation, which is poorly com-
patible with conventional imaging systems.*® CL-based multi-
target imaging can alternatively be achieved by selecting labels
based on their distinctly different emission lifetimes in combi-
nation with time-resolved and/or gated CL imaging.®>®?
Additionally, other sources of CL, such as autofluorescence,
can be filtered out based on distinctly different lifetimes.

The main challenges of the novel labels lie in their syn-
thesis, colloidal stability, and surface functionalization. The
potential markers must be in the size range of a typical protein
(2-6 nm (ref. 4)), show bright emission, and have high col-
loidal stability. Synthesis of REE®" doped nanocrystals has
been attempted by various methods, including the flame
aerosol technique,®®?® homogeneous precipitation,®* solvo-
thermal,®® thermal decomposition,”® and microwave-assisted
hydrothermal route.”®®” While many methods yield in highly
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crystalline nanoparticles, they also involve either collection of
particles in dry state®®®® or high temperature annealing.®* As a
result, nanocrystals oftentimes show comparatively poor col-
loidal stability,®"®® which may be improved by post-synthesis
surface functionalization.®® Even though post-functionali-
zation may significantly increase colloidal stability, it remains
challenging to obtain fully monodisperse colloids, especially
when the materials are irreversibly sintered.®® Synthesis in
high boiling point solvents typically results in small (<10 nm),
near-perfect single crystals with narrow size distribution.
However, the obtained particles are generally only dispersible
in organic solvents and need further modification for actual
cell targeting applications.®*°>°® Furthermore, small nano-
particles typically suffer from low brightness, as they have a
high surface-to-volume ratio and a large portion of dopant is
located on the surface, which is more prone to quenching
(surface impurities, ligands, and solvents).”®> Overcoming these
drawbacks requires careful nanoparticle engineering, such as
the creation of core/shell structures,”®®® to enhance surface
passivation and luminescence brightness.

Additionally, luminescence emission can be enhanced by
sensitizer ions, which absorb the excitation energy and trans-
fer it to the emitting ions.”>'%° For example, highly efficient
energy transfer between Ce®" and Tb®" ions takes place as Ce**
ions have allowed f-d absorption and broad emission band,
which overlaps with Tb®* absorption band, resulting in energy
transfer and enhanced photoluminescence emission.'® These
techniques can be implemented to REE*" based nanocrystal
synthesis and functionalization routes, to further increase the
cathodoluminescence efficiency.

Nanodiamond-based labels may be used as an alternative
to REE** doped nanocrystals. Initially, nanodiamonds were
produced by detonation, but a wide variety of methods are
used nowadays in research and industrial laboratories. These
include laser ablation, plasma-assisted chemical vapor depo-
sition (CVD), high-energy ball-milling of high-pressure high-
temperature (HPHT) diamond microcrystals, as well as hydro-
thermal synthesis routes.'®® While the combustion method
yields in clusters of nanodiamonds, several methods have
been developed, which result in monodisperse nanoparticles
with 3-4 nm particle size, which may be of interest for
bioimaging.'®"'%* The fluorescence emission from nanodia-
monds mainly originates from nitrogen-vacancy (NV) centers,
which are created by irradiation and annealing processes. NV
centers occur in two charge states, neutral (NV°) and negatively
charged (NV™), contributing both to the fluorescence emission
spectra, while in CL NV~ centers are reversibly converted to
NV° leading to NV° dominated CL emission spectra.®”'%"103
Although fluorescence emission of nanodiamonds proves to
be photo-stable,'® small-sized nanodiamonds (<40 nm) typi-
cally contain a high fraction of non-emitting particles and
those that do emit suffer from limited brightness, which criti-
cally hampers specific labelling applications.®” Despite the
limitations for very small nanodiamonds, there are many
surface functionalization methods available. Primary surface
functionalization protocols for nanodiamonds are based on
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versatile wet-chemistry methods, which enable carboxylation,
halogenation, Diels-Alder reactions, and diazonium
chemistry. %"

For both REE** doped nanocrystals and nanodiamonds,
single protein labelling could be achieved by using functionali-
zation techniques similar to immunogold. Prior to that, bio-
logically relevant functional groups need to be attached on the
nanoparticles, which can be performed in two consecutive
steps: first introducing primary functional group with
silanes'%>'°® or polymers'®” and then adding a bioactive mole-
cule, which acts as a targeting moiety, such as a small
molecule®”'®® or an antibody.'®'®® While most of the
advancements in surface functionalization have been currently
achieved on lanthanide nanoparticles based on a fluoride
matrix, adaptation of these functionalization methods may
enable surface modifications of other matrices as well.
Versatile coatings allow a wide variety of targeting applications,
which have been extensively reviewed by Dong et al.'*°

Next to the instrument and sample properties, CL resolu-
tion is intimately linked to the optical properties of the label,
including brightness, stability, and emission lifetime as these
dictate imaging conditions. Bright and stable labels allow
usage of low acceleration voltages and beam currents (Fig. 3e),
while having sufficient signal-to-noise (SN) ratio.®* Prigozhin
et al.®® have concluded that an optimum SN ratio can be
achieved if the electron interaction volume is matched to the
nanoparticle size (0.75-1 keV electron landing energies for
nanoparticles with a core size of 15-20 nm). Xu et al.'*" have
also found that the energy of ~1 keV offers optimal trade-off
between the BSE contrast and the axial resolution in biological
SEM. The luminescence lifetime of the labels affects the elec-
tron beam scanning parameters and must be chosen based on
the application. Smearing strongly reduces the image quality
and occurs when the dwell time is shorter than the fluo-
rescence emission lifetime.®® Rare earth elements typically
have lifetimes in the range of milliseconds®®®® (with excep-
tions, such as Ce*" jons with lifetimes of ~60 ns (ref. 112)),
while organic fluorophores, nanodiamonds and semi-
conductor quantum dots exhibit lifetimes from a few nano-
seconds'"® to a few tens of nanoseconds.®®''*''* Relatively
long emission lifetimes of rare-earth element-based labels
(typically Tm, Tb, Eu, Er), which otherwise fulfil the require-
ments for stability and brightness, hinder the acquisition of
fast CCLEM. Therefore, label lifetimes are currently limiting
the (large-scale) image acquisition times to values in the same
order as alternative techniques, e.g. energy dispersive X-ray
analysis (EDX)/electron energy loss spectroscopy (EELS) (see
section “Alternative Methods: EDX and EELS Mapping” below)
(Table 1). Recent developments of labels unifying sufficiently
high brightness and stability with short lifetimes (such as Ce-
based nanocrystals and nanodiamonds) pave the way for faster
CL data acquisition. Next to emission lifetime, emission
brightness and stability also dictate the scanning parameters.
The electron dose, i.e. the number of electrons per unit area of
sample, depends on electron beam current, dwell time and
scanning area and determines the extent of electron beam

This journal is © The Royal Society of Chemistry 2020
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Table 1 Inorganic nanoparticles used in biological CCLEM
Image acquisition conditions
Acceleration voltage ~ Beam current Dwell time

Sample Instrument  (kV) (nA) (ms) Specimen Ref.
Y,05:Ln*" (Ln = Eu, Tm, Tb) SEM 10 0.47 50 Eukaryotic cells (J744A.1) 77
Nanodiamonds and LuAG:Ce** SEM 5 1.2 0.09 No cells 76
Y,05:Zn,Eu** SEM 3 0.053 100 Eukaryotic cells (HeLa) 126
Y,03:Tm*", Yb*" SEM 3 N/A 100 Eukaryotic cells (HeLa) 127
Nanodiamonds SEM 5 0.895 0.106 Eukaryotic cells (HeLa) 89
Y,0;:Ln*" (Ln = Eu, Tb) STEM 80 2 100 Eukaryotic cells (HeLa) 128
Y,05:Ln*",Yb** (Ln = Tm, Er) STEM 80 N/A 500 Eukaryotic cells (HeLa) 64
Gd,05:Ln*",Yb*" (Ln = Tm, Ho, Er)  STEM 80 N/A N/A Eukaryotic cells (HeLa) 129
Enhanced green fluorescent protein ~TEM 200 0.1-0.3 N/A No cells 68
LaF;:Tb*" nanocrystals SEM/STEM  2/5 0.4 50 Eukaryotic cells (A549) 59
Nanodiamonds STEM 60 N/A N/A Eukaryotic cells (A673) 63
Nanodiamonds SEM 3 0.8 N/A Eukaryotic cells (J744A.1/HT29) 67
YVO.:Bi*" Eu®" and Y,0;:Tb*" SEM 2 0.4 1/5 Eukaryotic cells (HUVEC) 61
Auto-cathodoluminescence SEM 8 N/A 20 Animal/human collagen tissues 118
NaGdF,:Eu®* SEM 1.5-20 0.3-0.5 2 No cells 82

damage to the samples.”®®° The optimal dose can be obtained
by minimizing the dose to a value where the CL generation
volume is minimal, but an acceptable S/N ratio can be
obtained. Therefore, bright labels with short emission lifetime
allow usage of low electron beam currents and fast scanning
speeds, which will reduce locally accumulated dose and poten-
tial beam damage compared to dimmer nanoparticles.

Alternative methods: EDX and EELS
mapping

The identification of biomolecules is strongly dependent on
available labels in fluorescence as well as in electron
microscopy. Alternative to label-based methods, label-free
approaches for identification of proteins, amino acids, and
sugars in the cells have gained increasing attention. CCLEM
could also be employed as label-free method, when imaging
auto-cathodoluminescence of tissues and cells.!*>*'®
“ColorEM” or analytical electron microscopy converts grey-
scale analytical information into false color-coded images, and
can be used to identify biological features based on elemental
composition."****° ColorEM techniques include energy disper-
sive X-ray analysis, electron energy loss spectroscopy, and cor-
relative cathodoluminescence electron microscopy, which are
reviewed in great detail by Pirozzi et al.'*°

The interaction between an incident electron beam and the
sample generates additional signals, as described previously.
Elemental analysis in electron microscope can be achieved by
using EDX or EELS. EDX analyses specific energetic electro-
magnetic radiation produced by primary electrons, which
interact with core electrons from atoms in the material. In case
of collision, created electron vacancies are being filled with
electrons from the higher levels, leading to the emission of
characteristic X-ray radiation. As the produced radiation is
specific to the atom, energy dispersive X-ray analysis allows
elemental composition studies. EDX systems are nowadays

This journal is © The Royal Society of Chemistry 2020

also able to measure light elements (down to Li) with accepta-
ble signal-to-noise ratio.'”* It has been extensively used in
geology and material science; however, has not yet been widely
adopted in life sciences. Scotuzzi et al.'**> have demonstrated
detection of commonly used EM-immunolabels (CdSe, Au) in
rat pancreatic samples. Additionally, they have identified
different cell types and peptides purely based on their elemen-
tal composition using EDX mapping. Similar to CL imaging,
EDX resolution is strongly dependent on acceleration voltage
and the material density.'**"'** Currently, EDX mapping typi-
cally requires acquisition times ~10x longer than CL for a com-
parable signal/noise ratio.®>'**

Another imaging modality that has been suggested for
elemental mapping is electron energy loss spectroscopy. EELS
analyses inelastic scattering of primary electrons after inter-
action with ultrathin samples (preferred thickness <100 nm)
using electron beams with high incident energy (>100 keV).
Transmitted electrons are separated based on their kinetic
energy and analyzed with a high-resolution electron spectro-
meter, producing an electron energy-loss spectrum. The
primary electron can ionize an atom in the sample and loses
energy approximate to the binding energy of the dislodged
electron. This can reveal elemental composition, but also
physical and chemical properties of the material.'*> EELS
determines single elements (like in case of carbon, nitrogen,
and oxygen), with careful analysis of valence electron energy-
loss spectrum; it also reveals chemical fingerprints of biologi-
cal molecules, like nucleic acids and amino acids in proteins.

EELS can also detect exogenous elements, such as gold and
cadmium, which may be employed for immunolabeling."*°
Instead of applying nanoparticle-based labels, Adams et al.**
described multi-target labeling in cells and tissues by selec-
tively precipitating and detecting diaminobenzidine (DAB)-
conjugates bound to lanthanide chelates. The resolution of
EELS is determined by the electron beam size and interaction
volume. With modern STEM instruments, the electron beam
can be focused down to well below a 1 nm and EELS is usually
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measured on ultrathin samples to reduce the interaction
between the sample and the high energy electron beam (>100
keV). Therefore, theoretically STEM EELS enables atomic
resolution, however, in biological samples it is compromised
by the radiation damage on the sample and therefore reaches
maximal resolutions of around 50 nm."'*°

The choice of the imaging method depends on the scienti-
fic question to be addressed, as all aforementioned methods
have their advantages and limitations. All the above described
methods are based on primary electron beam interaction with
the sample and have a potential for label-free
detection.'*®2%'?2 In combination with STEM, all the
methods have nanometric spatial resolution and complement
each other, as the resolution is mostly determined by the
sample thickness and electron beam spot size.**'** High-
energy STEM-EELS imaging can induce significant beam
damage,'*® while EDX and CL are less invasive due to the
lower beam energies. EELS must be acquired from ultrathin
samples,'*>'*° whereas CL and EDX can be collected both
from bulk and ultrathin samples.’®'*® X-rays are generated in
a (slightly) smaller generation volume compared to CL at the
given acceleration voltage. However, beam energies required
for generating EDX signal are typically >5 kV and collection
times oftentimes exceed several hours.'?*'** Meanwhile, CL
can be generated from heavy elements with lower acceleration
voltages, routinely reaching sub-diffraction limit resolution
and the acquisition of EELS and CL maps is achievable within
(tens of) minutes.”**""'*® EELS and EDX are able to identify
currently available immunolabels, e.g. based on gold and
quantum dots. CL on the other hand requires novel light-emit-
ting labels with high brightness, short emission lifetime and
stability.">>**° Yet, despite their different physical origin, all
the above mentioned methods can complement each other,
and offer a comprehensive multi-modal imaging approach also
for biological samples.

Towards live cell imaging and
nanotomography

Provided that suitable labels become available in the near
future, additional imaging modalities may combine well with
the new opportunities given by multi-color imaging directly in
the electron microscope. Additionally, correlative CL and elec-
tron microscopy may be extended to live cell imaging.®'!”!33
Inami et al.’** developed an electron beam excitation assisted
optical (EXA) microscope, which combines SEM and a conven-
tional optical microscope by creating membranes with thin
luminescent films. The achievable resolution is below 100 nm
and strongly dependent on the luminescent film."**

Generally, electron-transparent membranes allow imaging
of hydrated'"® and live cells."*®* The EXA microscope has been
employed for imaging fluorescent nanodiamonds in live
cells® and cellular constituents in a label-free manner.'*”**?
However, live-cell imaging suffers from low signal-to-noise
ratio (low autofluorescence signal intensity’**) and electron
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beam damage, which limits prolonged investigations.®*"*?
Cathodoluminescence can also be collected under cryogenic
conditions, which typically yields narrow(er) emission lines
and enhanced CL emission intensity."*>"*” Cryogenic sample
preparation becomes useful when attempting to preserve auto-
cathodoluminescence signals of biological samples, which are
typically quenched by osmium tetroxide, and study dynamic
processes in biological samples.'’>"*® Despite these advan-
tages, cryogenic sample preparation in the biological CCLEM
field is not as widely adopted (yet) as the imaging of resin-
embedded samples.

A somewhat similar approach exploiting CL for nanoscale
bio-imaging is cathodoluminescence-activated imaging by res-
onant energy transfer (CLAIRE)."*® In this technique a thin-
film phosphor material is used in which CL is efficiently gen-
erated in a subwavelength volume. The locally generated CL is
then used to probe an underlying material layer, which can be
solid or a liquid cell environment, after which any resulting
fluorescence emission is collected by a conventional parabolic
mirror. The phosphor material absorbs the majority of the
incoming electrons, thereby protecting the underlying
material, and can act as a (partial) liquid cell seal at the same
time. However, the supercontinuum excitation character of the
electron beam is lost because the excitation is mediated by the
phosphor, although different phosphors can be used to
match particular absorption bands. The electron beam
should not penetrate the layer of interest in CLAIRE,
therefore simultaneous acquisition of SE and BSE signals from
the layer of interest is impossible. The optical CLAIRE data can
only be correlated with SE/BSE images acquired at a higher
acceleration voltage, which results in the electron beam pene-
tration into the layer of interest, but this is a sequential
approach.

3D imaging, e.g. tomography has continuously gained
importance in microscopy. Three-dimensional imaging aids a
better understanding of cellular features and physical inter-
action between them. Transmission electron microscopy
(TEM) is nowadays a standard tool for ultrastructural imaging,
which also enables 3D tomography. Typically, images are
acquired from thin sections (thickness <100 nm) to assure
single-scattering events for the accelerated electron.
Tomographic images can be constructed from the series of
TEM images collected from a range of angles.>" Alternatively,
array tomography (AT) has been developed to study large
volumes of biological samples in 3D."*° In this case, serial sec-
tions are cut using an ultramicrotome, placed as an array on a
conductive substrate and subsequently imaged using SEM.>?
The main limitation in AT lays in the sectioning quality, as
deformations on the sections (e.g. wrinkles) can ruin the
whole data set.’*! While array tomography is offering a poten-
tial also in CL bioimaging,'** CL has not been combined with
it yet. Another technique, where CL could be employed is
serial block-face electron microscopy, where the slicing is per-
formed with an integrated ultramicrotome directly in the elec-
tron microscope.'** However, next to lack of novel labels, inte-
grating the CL collection optics with the slicing hardware

This journal is © The Royal Society of Chemistry 2020
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could be challenging due to space constraints and therefore
has not been reported.

Alternatively, 3D information can be acquired using FIB/
SEM, which allows precise sectioning and enables nanometric
resolution in x-y-z direction."**'** Accelerated ions (typically
gallium) are bombarded onto the sample surface to sputter
away atoms and expose inner structures of the sample.
Sputtering depth and section size are adjusted by altering the
spot size of the ion beam.®® The exposed structures are sub-
sequently scanned with a focused electron beam using low
acceleration voltages. High-resolution CL tomography requires
optimal milling and imaging conditions. The FIB slicing thick-
ness is dependent on the electron beam acceleration voltage
used for imaging, since it is preferred to avoid overlapping
signals between the slices. Cathodoluminescence bioimages
with nanometric resolution from FIB sectioned samples have
been acquired from nanoparticle exposed mammalian
cells.>*®" However, to our best knowledge, in situ 3D
FIB-SEM-CL has only been demonstrated on diamond®® and
not yet on biological samples. 3D CL tomography on diamond
sample revealed growth patterns within the material illustrat-
ing the potential of gaining mechanistic insights. However,
the achieved spatial (300 nm) and axial resolutions
(650 nm) did not reach the attainable resolution in
FIB-SEM.®*'" The size of the electron beam interaction
volume is strongly dependent on the material and therefore
requires further tweaking for specific applications.
Additionally, FIB-SEM-CL can only be acquired in manual
slicing mode in the commercially available microscopes.’®®!

CL tomography has also been demonstrated without
focused ion beam. Recently, Atre et al.'*® established CL tom-
ography on metal-dielectric crescent in SEM by studying differ-
ently oriented particles and collecting corresponding coherent
CL signals, locating regions of high CL intensity at each wave-
length in 3D.

The main limitation in adoption of FIB-SEM-CL tomogra-
phy in biological research is the strong need for bright and
stable labels, which are critical in order to minimize the CL
generation volume and give access to high resolution in x-y-z
direction. Additionally, workflows in current imaging systems
must improve drastically; and depend on fully automated FIB
milling, and subsequent rapid acquisition of CL and electron
micrographs.

The future of CCLEM bioimaging

Cathodoluminescence has a great potential to be adopted by
biologists for routine analysis: it can be acquired simul-
taneously in scanning or transmission electron microscopes
on live cells, histology sections, cryopreserved or resin
embedded samples. The main advantage of cathodolumines-
cence over existing super-resolution methods is that sub-wave-
length optical information can be collected directly in the elec-
tron microscope, along with the sample ultrastructure. The CL
signal is in perfect registry with the other EM signals, contrary

This journal is © The Royal Society of Chemistry 2020
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to SR or other correlative approaches, which are prone to misa-
lignments and distortions. CCLEM in turn allows imaging of
the wider context and enables structure-function studies.
Ideally, CCLEM-based microscopy offers a route to lumine-
scence imaging approaching the resolution of conventional
electron microscopy, enabling ultimate correlative microscopy
with no resolution mismatch. However, this heavily relies on
the development of suitable labels and the sample properties.
Current CCLEM studies on biological samples indicate a
resolution of approximately 20-50 nm,**”*'8 in the order of a
typical nanoparticle-label size®* and on par with several of the
SR microscopy techniques.

Despite the promising prospects, wide-spread adoption of
CCLEM by the biomedical community likely depends on the
availability of off-the-shelf CL-labels."*° Critical steps towards
unlocking of the full potential of CL include:

» Development of bright and stable molecular labels based
on REE** doped nanocrystals or fluorescent nanodiamonds.
This has the prospect to enable labelling at low electron beam
energy thus giving access to single molecule localization
studies directly in EM.

« Improvement of single nanoparticle emission properties,
i.e. shorter lifetimes, higher emission stability, and enhanced
quantum yield to enable faster image acquisition times. First
fascinating steps have been taken towards this by creating
complex core/shell structures for upconversion lanthanide
nanoparticles,”®?® which may be tailored for CCLEM.

- Demonstration of multi-color single molecule labelling.
Despite recent reports in developing near-monodisperse nano-
crystals with nine different emissions,®* multiple epitope label-
ling using small nanoparticles (<50 nm) has yet to be demon-
strated. Once established, this technology can be used for sim-
ultaneous labelling of multiple epitopes by using labels with
distinctly different optical emissions thereby overcoming
major limitations of the established immunogold method.

« Development of post-functionalization protocols to
bridge the gap between precision nanoparticle synthesis proto-
cols in organic environments and successful phase transfer.
First promising steps into the direction of efficient phase
transfer have recently been published by Dragoman et al.'*’
Alternative routes based on untemplated synthesis also are
increasingly explored.

« Demonstration of robust and versatile bio-functionali-
zation strategies.

« For truly unleashing the potential of the developed labels,
epitope labeling efficiency must be assessed compared to
established immunolabels, such as immunogold and
quantum dots.

The present minireview reports key developments related to
label development, imaging conditions and instrument adjust-
ments, which pave the way for CCLEM-based immunolabelling
(immunoCCLEM). Importantly, the use of bright inorganic
nanocrystals allows the use of straightforward, well-established
and robust sample preparation methods in an unaltered way,
since the label emission is neither affected by traditional fixa-
tives nor heavy metal contrasting. These developments in turn
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pave the way for 3D correlative multi-color cathodolumines-
cence electron microscopy upon integration of CL detectors
into (S)TEM and FIB/SEM. Making high-quality near-mono-
disperse nanocrystals with specific binding moieties available
for use in aqueous environments and the increasing avail-
ability of CL detectors as well as creating automated imaging
systems in electron microscopy facilities is expected to signifi-
cantly boost the adoption of CL by the biologist community as
an attractive alternative to super-resolution microscopy and
traditional CLEM.
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