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Tb3**-doped LaFs nanocrystals for correlative cathodoluminescence
electron microscopy imaging with nanometric resolution in focus
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Here, we report the use of rare earth element-doped nanocrystals
as probes for correlative cathodoluminescence (CL) — electron
microscopy (CCLEM) bioimaging. This first experimental
demonstration shows potential for the simultaneous acquisition
of luminescence and electron microscopy images with nanometric
resolution in focus ion beam cut biological samples.

The invention of optical microscopes has enabled scientists to
discover the existence of microorganisms and to study the
structure and composition of cells and tissues.! The
subsequent development of electron microscopes and
procedures to analyse ultrastructural features revolutionized
yet again our understanding of how living systems work.2
Biological systems are vastly complex, and a better
understanding of them heavily relies on the ability to see
detailed relationships between structure and function at
various levels of resolution and within a functionally correlated
context.> However, the different imaging methods are based
on specific physical principles, and have different resolutions
leading to substantial technical challenges in reliable image
acquisition and data correlation.

Correlative microscopy techniques can help bridging the
mismatch in resolution between e.g., light and electron
microscopy, and provide a more comprehensive picture.3-> In
order to acquire fluorescence images with resolutions higher
than the Abbé diffraction limit (~A/2), more refined
techniques, optical reconstruction
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ion beam-sectioned biological samples
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microscopy (STORM)® or stimulated emission depletion (STED)
microscopy’- 8 need to be employed.

Electron microscopy provides
However, acquisition of high contrast electron microscopy

nanometric resolution.
images often requires sophisticated specimen preparation,
and the use of suitable contrasting agents, such as osmium
uranyl acetate, which typically quench
fluorescence of organic fluorophores.® Additionally, exposure

tetroxide and
to high-energy electrons commonly used for the acquisition of
electron micrographs leads to rapid degradation of organic
fluorophores.1® Therefore, it is often challenging to collect
luminescence data and high contrast electron micrographs
from the same sample.

Interestingly, a wide range of inorganic materials emit
photons upon exposure to accelerated electrons, an effect
known as cathodoluminescence (CL). This effect can be
employed for optical imaging with spatial resolution in the
nanometric range, as the resolution is primarily determined by
the diameter of the focused electron beam, which scans the
specimen.1!

For high quality cathodoluminescence imaging, it is
important to use stable fluorophores. Rare earth (RE) elements
are known for their luminescent properties. RE ions have a
number of advantages, including narrow spectral lines, sharp
fluorescence emission and high photo-stability under laser and
electron excitation.1?:14 In particular, lanthanum fluoride (LaFs)
is an outstanding host matrix for luminescent RE ions, by
means of low phonon energy and high chemical stability. The
LaFz matrix can be doped with different RE ions, such as
terbium, dysprosium, europium, neodymium, etc., due to their
similar ionic radii.’> Since the photoemission of rare earth
element-doped inorganic nanocrystals is generally less
affected by electron beam exposure compared to organic
fluorophores, RE ion-doped nanoparticles are excellent
imaging probes.16

Cathodoluminescence imaging using nanocrystal-based
probes is a particularly appealing approach for correlative
imaging as high-resolution CL data can be acquired
simultaneously to electron micrographs. This in turn enables
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Figure 1: Transmission electron micrograph, electron

diffraction patterns, high resolution transmission electron
micrograph (a), and X-ray diffraction (XRD) patterns (b) of as-
prepared Tb3*-doped LaFs nanocrystals. The asterisked peaks
correspond to reference data.l” Photoluminescence spectrum
of PEGylated Th3*-doped LaFs nanocrystals using excitation 346
nm (c). The inset is a photograph of Tbh3*-doped LaFs colloidal
solution under 254 nm  excitation. Corresponding
cathodoluminescence spectrum of PEG-capped nanoparticles

exposed to an electron acceleration beam of 5 kV (d).

optoelectronic characterisation of biological samples. A few
studies on scanning electron microscope (SEM) and scanning
transmission electron microscope (STEM) systems coupled
with cathodoluminescence for studying biological systems
using fluorescent nanoparticles have demonstrated promise.1®
18, 19 RE-doped Y,0s; nanocrystals have been used for CL-
STEM® and CL-SEMZ2° (multicolour) cathodoluminescence
bioimaging. While these studies have demonstrated the
feasibility of cathodoluminescence bioimaging, the quality and
resolution of images of biological samples in all these reports
remain limited, mostly due to low contrast of the electron
micrographs and the use of relatively large nanocrystals
(primary particle diameter > 50 nm).

Here, we explore the use of Tb3*-doped LaFs nanocrystals
as probes for correlative cathodoluminescence electron
microscopy imaging of biological specimen with nanometric
resolution. We demonstrate that CL imaging of RE-doped LaFs
nanocrystals can be used in combination with high resolution
electron back-scattering
biological samples, hence opening a new avenue to high
resolution correlative imaging of nanometric objects and
ultrastructural features of biological samples.

imaging of osmium-contrasted
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RE-doped LaFs crystals were synthesized by co-
precipitation using either poly(ethylene glycol) (PEG) or
poly(vinylpyrrolidone) (PVP) as capping agents. Transmission
electron micrographs (TEM) of as-prepared nanocrystals show
spherical primary particles with a narrow size distribution
centered around 10 nm (Figure la (l)). Obtained electron
diffraction patterns show highly crystalline nanoparticles
(Figure 1a (Il)). X-ray diffractometry (XRD) confirms the
presence of a crystalline hexagonal LaFs phase (Figure 1b; see
ESI, Figure S1).2! The calculated crystallite size according to the
Scherrer equation is 8 + 2 nm, which is in line with TEM data.
Fourier-transformed infrared spectroscopy (FTIR) analysis
shows peaks characteristic for LaFs and organic capping agents
and is in agreement with previous reports (see ESI, Figure
$2).15 22 Thermogravimetric analysis (TGA) indicates a weight
loss of 5% for PEGylated and 10% for PVP capped nanocrystals
(see ESI, Figure S3), confirming primary functionalization of the
particles. Characteristic photoemission peaks for Th3* were
obtained from as-prepared nanocrystals using laser excitation
with a wavelength of 346 nm (Figure 1c) and electron
excitation using an acceleration voltage of 5 kV (Figure 1d).
Obtained spectra coincide well with each other. The most
intense emission was found around 540 nm in the visible
range, corresponding to the D4 = 7Fs transition.

In addition to luminescence, colloidal stability of LaFs
nanocrystals in physiological media is particularly important
with regard to the application as imaging probes. Nanoparticle
tracking analysis (NTA) measurements show good stability of
nanocrystals in cell culture media with average particle sizes
(expressed as mode) of 135 nm and 163 nm for PEGylated and
PVP-coated nanocrystals, respectively (Figures 2a and ESI,
Figure S4). PEGylated nanocrystals also show remarkable
colloidal stability over time in protein containing cell culture
media (see ESI, Figure S5). The good colloidal stability is a
consequence of the surface charge demonstrated by zeta
potential measurements showing a mean zeta potential of -
32.0 + 3.8 mV for PEGylated nanocrystals and -10.0 + 0.7 mV
for PVP-coated LaFs; nanocrystals.

In order to be suitable also for exposure scenarios involving
live cells, luminescent nanocrystals should be harmless to cells.
We therefore assessed cytotoxicity of RE-doped nanocrystals
in a cytotoxicity assay. Lactate dehydrogenase (LDH) is an
enzyme, which is released upon damage to the cellular
membrane, and is a sensitive surrogate measure of
cytotoxicity. Measurement of the LDH activity in cell culture
supernatants after 24 hours of particle exposure to human
lung cells (A549) shows LDH activities comparable to particle-
free controls for all concentrations investigated (< 200 pg /
100’000 cells) (Figure 2b and ESI, Figure S6).
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Figure 2: Hydrodynamic size measurements in physiological
media (cell culture media) for PEGylated nanocrystals (a).
Cytotoxicity measurements showing the release of lactate
dehydrogenase from human A549 cells in response to particle
exposure (0-200 pg per 100’000 cells) for 24 hours (expressed
relative to 100% lysis) (b). Scanning transmission electron
micrographs (STEM) (c) and corresponding secondary electron
image (d) showing intracellular particle agglomerates.
Cathodoluminescence image of the corresponding area with a
pixel size of 20 nm (e) and an overlay image of a brightfield-
STEM image and corresponding CL-image, showing co-
localization of the particles (f).

Cellular uptake of LaFs nanocrystals was confirmed by
scanning transmission electron micrographs (STEM) of cells
exposed to particles for 24 hours. STEM images of 100 nm
localized in vesicular

structures as well as nanoparticles sticking to the outer cell

sections show particle aggregates

membrane (Figure 2c and ESI, Figure S7). Nanoparticles are
taken up by cells by an endocytosis mechanism and are
predominately localized inside of endosomes. The intracellular
distribution of the particles can be seen in Figure 2c. Based on
the hydrodynamic size of the particles, they are most likely
engulfed by a micropinocytosis mechanism.23 Simultaneously
to STEM, we acquired secondary electron (Figure 2d) and
cathodoluminescence signal (Figure 2e) from the same region,
obtaining information about elemental contrast and optical
properties of the sample. CL-images of 100 nm sections of
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A549 cells were recorded and show nanoscale resolution (< 50
nm) with pixel sizes of 20 nm and 2 nm, respectively (see
Figure 2e ESI, Figure S8. unprocessed
cathodoluminescence images, see ESI, Figure S9). Low voltages
have been used for CL imaging for optimal spatial resolution

and For

and to minimize bleaching. Recorded cathodoluminescence
images coincide well with the STEM images from the same
region (Figure 2f). The ClL-resolution is significantly higher
compared to the Abbé diffraction limit typically encountered
in optical imaging (> 200 nm). Interestingly, STEM images also
show some particles located outside of endosomes, which is
most likely due to a mechanical artefact caused by the
sectioning in the ultra- microtome (see ESI, Figures S10, the
arrow indicates particles outside of vesicular bodies). It is
unlikely that particles of this size are present outside of
vesicular compartments.24 This hypothesis is further supported
by the fact that extravesicular particles are only found in the
movement direction of the cutting blade relative to the vesicle.
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Figure 3: Trench cut with a focused ion beam (FIB, gallium ion
beam). Individual cells on the resin block face and the cross-
section can easily be recognized in the secondary electron
image (a). Electron backscattering image of the FIB cross-
section (b). Electron back-scattering image of a single cell (c)
and corresponding cathodoluminescence image (d) with a
pixel size of 50 nm. Overlay image showing co-localization of
the particles in the BSE and the CL image. The inset presents
the profile of normalized cathodoluminescence and back-
scattering signal, showing co-localization of the signals (e).
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Finally, we investigated the prospect of using focused ion
beam (FIB) sectioning and subsequent imaging of the cross-
section of resin-embedded biological samples using secondary
electron (SE), electron backscattering (BSE) and CL signals. FIB-
SEM imaging is a powerful high-resolution imaging technique,
which enables imaging with nanometric
resolution in x-y-z.2> The beam current of the ion beam is
tuneable over a wide range, allowing milling of large areas and
enabling greater imaging volumes. Also, the geometry of the
instrument allows changing imaging angles, which in the end
provides additional flexibility in regard to data acquisition.
Here, a focused gallium ion beam was used to cut a trench and
expose a cross-section of 40 um x 50 um (Figure 3a, b). Cells
and their ultrastructural features, including mitochondria,
vesicular and nuclear membranes, and the nucleolus could
easily be identified in the backscattering electron channel
(Figure 3b, c). Simultaneously to the electron microscopy
images acquisition, CL intensity maps of the FIB cross-section
were acquired. The use of a filter (525-575 nm) allowed
detection of Tb3*-specific emission associated with the
nanocrystals, which is displayed as a map in Figure 3d (for
unprocessed cathodoluminescence images, see ESI, Figure S9).
The green emission again generally coincided well with particle
localization seen in the backscattering image, however, some
slight misalignment due to charging is observed. Unlike
classical fluorescence, which is quenched, the CL signal
intensity was not negatively affected neither by the presence
of osmium tetroxide nor epoxy embedding. This in turn
enables correlative acquisition of high contrast electron
micrographs showing the ultrastructure of the cells and high
resolution CL images in SEM mode (Figure 3e). However,
prolonged exposure of the Tb3*-doped polymer-capped LaFs
nanoparticles to electron beam irradiation showed that the stability
of the nanocrystals is limited (see ESI, Figure S11). The decrease in
CL-intensity over time can most likely be attributed to knock-on
damage to the nanoparticles, which has previously been described
by Sun et al. for NaREF4 nanoparticles under high voltage (200 kV)
electron beam irradiation.2® Hence, nanocrystal properties need to

slice-and-view

be further optimized to address stability issues, especially when
using low scanning speed for CL image acquisition.

This first experimental demonstration of correlative
cathodoluminescence-backscattering electron microscopy on
FIB-sectioned biological samples illustrates the potential of the
approach for the acquisition of high-quality luminescence and
electron microscopy images with nanometric resolution. We
demonstrate optoelectronic
embedded biological samples
tetroxide, harvesting the different sample specific emissions of
electrons (SE, BSE) and photons (CL) upon electron beam
exposure. RE-doped LaFs nanocrystals show promise for
correlative microscopy and could potentially be used as
molecular labels owing to their small size, high colloidal
stability and bright emission upon both laser and electron
beam exposure. In addition to Tb3*, other RE-ions can be
employed in a similar setting. It is important to note that while
the use of high energy excitation wavelengths required for the

characterization of resin-

contrasted with osmium
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excitation of Tb3* is generally unfavourable in the case of live
cell imaging and in vivo applications, the CCLEM samples are
embedded in epoxy resins and exposed up to 80 kV during the
acquisition of electron micrographs. Hence, the radiation
damage to the biological sample caused by
cathodoluminescence imaging is negligible. However, oxide-
based matrices should preferably be used for 3D CCLEM
imaging, where high electron beam exposure times are
expected.

The proposed FIB-based method may in future enable
simultaneous molecular labelling and structural imaging based
on nanocrystals with nanometric resolution in the three-
dimensional space, using a single instrument.?” Correlative
cathodoluminescence - electron microscopy bioimaging opens
new avenues for the optoelectronic investigation of structure-
function relationships at the nanoscale. It allows distinction of
nanoparticle-based labels from naturally occuring granules
(such as glycogen granules28), which often is challenging in
traditional electron microscopy.?® 30 Additionally, CCLEM can
be used as a multicolour imaging platform, where different
structures can be labelled with nanocrystals hosting different
RE-ions, hence featuring different colours.
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