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Zusammenfassung 

In der biomedizinischen Forschung spielt die Mikroskopie eine wichtige Rolle, beispielsweise in 

der Darstellung von Feinstrukturen von Geweben, Zellen, Organellen und Makromolekülen. 

Während die Fluoreszenzmikroskopie (FM) die Lokalisierung spezifischer Proteine und die 

Untersuchung ihrer Funktionen ermöglicht, bleibt die überwiegende Mehrheit der Bestandteile in 

einer Probe unmarkiert, sodass der grössere Kontext unbekannt bleibt. Darüber hinaus ist die 

räumliche Auflösung der konventionellen FM nicht ausreichend, um einzelne Proteine zu 

lokalisieren. Die Elektronenmikroskopie (EM) hingegen ermöglicht eine ganzheitliche 

Betrachtung der zellulären Ultrastruktur mit nanometergenauer Auflösung, allerdings ist die 

Lokalisierung von Biomolekülen in den Graustufenbildern schwierig. Während die 

Immunogoldmarkierung auf der Basis kleiner Goldnanopartikel eine weit verbreitete Methode zur 

Epitoperkennung in der EM ist, sind Co-Lokalisierungsstudien und die Unterscheidung von 

anderen elektronendichten Granula nicht einfach. Die Variabilität in der Diffusivität der 

unterschiedlich grossen Goldpartikel erschwert zusätzlich die gleichzeitige Identifizierung 

verschiedener Epitope. Anstatt Markierungen nach Grösse und Elektronendichte zu 

unterscheiden, können Nanopartikel so synthetisiert werden, dass sie charakteristische 

Lumineszenzeigenschaften aufweisen. Die Wechselwirkung eines fokussierten Elektronenstrahls 

mit der nanopartikelmarkierten Probe stimuliert dann die Photonenemission aus der Probe; ein 

Phänomen, das als Kathodolumineszenz (CL) bekannt ist und das für die Mehrfarben-

Elektronenmikroskopie genutzt werden kann.  

Kapitel 1 gibt einen Überblick über den Stand der Technik und stellt die Perspektiven der 

korrelativen Kathodolumineszenzelektronenmikroskopie (CCLEM) für den biomedizinischen 

Bereich dar. In diesem Kapitel werden die Prinzipien der Kathodolumineszenzmikroskopie 

vorgestellt, einschliesslich der Proben- und Messparameter, die für die Erstellung 

hochauflösender CCLEM-Bilder biologischer Proben erforderlich sind. Zudem beinhaltet das 

einleitende Kapitel eine umfassende Analyse potenzieller Immunolabels, die für 

kathodolumineszenzbasierte funktionelle Mikroskopie Studien geeignet sind. Nach einer 

ausführlichen Diskussion und Gegenüberstellung der potenziellen Vor- und Nachteile der 

Kathodolumineszenzmikroskopie biologischer Proben gegenüber der Elementkartierung mittels 

energiedispersiver Röntgenspektroskopie (EDXS) und Elektronenenergieverlustspektroskopie 

(EELS), schliesst eine Analyse möglicher Herausforderungen und Zukunftschancen, welche die 
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Perspektiven der volumetrischen mehrfarbigen Einzelmolekülmarkierung einschliesst, das erste 

Kapitel ab. 

Kapitel 2 zeigt die CCLEM-Analyse von in Epoxidharz eingebetteten Zellen, welche 

anorganische Nanokristalle enthalten. Unter anderem wird gezeigt, wie 20 nm Tb
3+

:LaF3 

Nanopartikel, welche von menschlichen Zellen endozysiert wurden, mit CCLEM abgebildet 

werden können. Dieses Kapitel beschreibt die multimodale Bildgebung durch die Erfassung von 

Sekundärelektronen (SE), rückstreuenden Elektronen (BSE) und CL-Signalen von chemisch 

fixierten, in Epoxidharz eingebetteten Zellen mit vollständig erhaltener Ultrastruktur. Während 

die chemische Fixierung und Harzeinbettung kaum Einfluss auf die Kathodolumineszenzemission 

der Nanokristalle hatte, wurde im Laufe der Zeit eine leichte Abnahme der Emissionsintensität 

beobachtet, ohne dabei die Datenqualität entscheidend zu beeinträchtigen. Die Proben wurden 

sowohl im Rastertransmissionselektronenmikroskop (STEM) als auch in der fokussierten 

Ionenstrahl-Rasterelektronenmikroskopie (FIB/SEM) abgebildet. Im Gegensatz zu den STEM-

Bildern, bei denen eine ausgezeichnete Co-Lokalisierung des CL- und des EM-Signals festgestellt 

wurde, wurde bei den Bildern aus FIB-geschnittenen Blockproben eine leichte, auf die 

Probenaufladung zurückzuführende Fehlausrichtung beobachtet. Dennoch bildet diese erstmalige 

Beschreibung von CL in FIB geschnittenen biologischen Proben eine zentrale Grundlage für 

zukünftige Studien zur Erforschung der dreidimensionalen Analyse biologischer Proben unter 

Verwendung von CL-Proteinmarkierungen.  

Basierend auf der vorangegangenen Beobachtung einer zeitabhängigen Abnahme des CL-

Emissionssignals wird in Kapitel 3 die Eignung verschiendenster CL-Labels unter geeigneten 

Aufnahmebedingungen systematisch untersucht. Die CL-Aufnameparameter wurden basierend 

auf Monte-Carlo-Simulationen von epoxidharzeingebetteten, osmiumgefärbten Zellen sowie 

experimentellen Daten optimiert. Die optimierten Elektronenstrahlparameter reduzierten die 

bisher beobachtete Fehlausrichtung zwischen BSE- und CL-Signalen auf ein Minimum. Die CL-

Emissionsstabilität von traditionell für die Abbildung biologischer Proben verwendeten 

Fluorophoren wurde unter Verwendung der für die CCLEM-Darstellung geeigneten 

Abbildungsparametern untersucht. Diese Untersuchung schloss sowohl organische Farbstoffe 

(z.B. DAPI) als auch organische und halbleitende Quantenpunkte (QDs) und zwei Arten von mit 

seltenen Erd-Ionen dotierten Nanokristallen ein. Bei den Untersuchungen zeigten die beiden mit 

seltenen Erden dotierten Nanokristalle im Vergleich zu konventionellen Fluorszenzmarkern und 

Halbleiter-Quantenpunkten eine überlegene Leistung in Bezug auf Emissionshelligkeit und 

Stabilität. Die vorgestellten YVO4:Bi
3+

,Eu
3+

 Nanopartikel zeigten eine bemerkenswert helle 

Emission in CCLEM und können auch in konventionellen Fluoreszenzmikroskopen detektiert und 

dargestellt werden. Dadurch wird einer der grössten Nachteile von Nanokristallen auf auf der 

Basis von seltenen Erden überwunden, welche typischerweise im tiefen UV angeregt werden 
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müssen. Die CL-Kartierung bietet auch ein leistungsfähiges, hochauflösendes Verfahren um 

Nanopartikelmarkierungen von endogenen, dichten Granula zu unterscheiden, welche aufgrund 

ihrer nahezu identischen Morphologie und Elektronendichte sonst nicht ohne weiteres 

unterschieden werden können. Die im vorliegenden Kapitel beschriebene Arbeit optimiert das 

CCLEM-Markierungs-Design und die Auswahl der bildgebenden Parameter und ebnet so den 

Weg für zukünftige Studien zur CL-basierten funktionellen Mikroskopie unter der Voraussetzung, 

dass geeignete Oberflächenfunktionalisierungsstrategien verfügbar werden. 

In Kapitel 4 werden CCLEM-basierte Immunolabels für die spezifische Rezeptormarkierung 

unter Verwendung von Seltenerdelementen dotierten Nanokristallen entwickelt. Dieses Kapitel 

stellt lichtemittierende Proteinmarkierungen für die Elektronenmikroskopie vor und 

veranschaulicht die Unterscheidung von Markierungen anhand ihres Emissionsspektrums und 

nicht anhand von Grösse oder Zusammensetzung (im Gegensatz zu herkömmlichen EM-

Immunmarkierungen, wie beispielsweise Immunogold). Monodisperse Tb
3+

 dotierte YPO4 

Nanopartikel wurden durch eine mikrowellenunterstützte hydrothermale Reaktion synthetisiert. 

Obwohl die Kristallinität relativ gering war, reichte die Emission der Nanopartikel aus, um 

einzelne Nanopartikel zu identifizieren. Anschliessend wurden die Nanopartikel mit Silanen 

funktionalisiert, um funktionelle Aminogruppen auf der Partikeloberfläche anzubringen, welche 

dann an Folsäureeinheiten gekoppelt werden konnten. Die funktionalisierten Nanopartikel wurden 

eingesetzt, um unter Verwendung eines aus dem Immunogoldfeld angepassten 

Markierungsprotokolls spezifisch an Folsäure-Rezeptoren auf Krebszellen zu binden. Um die 

Spezifität zu beurteilen, wurde die Markierungseffizienz mit Zellen verglichen, bei welchen die 

Rezeptoren zuvor mit überschüssiger freier Folsäure blockiert wurden. Ausserdem wurde die 

Rezeptormarkierung auch mit der etablierten Immunogoldmethode (Goldstandard) verglichen. 

Die in diesem Kapitel beschriebende Studie zeigt CCLEM-basierte Immunmarkierung mit Einzel-

Nanopartikel-Emission und ist ein Ausgangspunkt für zukünftige Studien, die (Mehr-

)Farbbildgebung auch von intrazellulären Bestandteilen ermöglicht. 

Die obigen Kapitel sowie die aktuelle Literatur zeigen, dass die Synthese von hochkristallinen, 

stark-leuchtenden und kolloidstabilen mit Seltenerdelementen dotierten Nanopartikeln eine 

Herausforderung darstellt. Traditionelle nasschemische Methoden sind oft eine naheliegende 

Wahl, allerdings erfordert die niedrige Kristallinität von auf diese Weise präparierten 

Nanopartikeln oft eine Nachbehandlung bei hoher Temperatur, was deren Redispergierbarkeit 

entscheidend beeinflusst. Die Flammenaerosoltechnologie ermöglicht nachweislich die 

skalierbare Synthese einer Vielzahl von CCLEM-tauglichen Nanomaterialien, einschliesslich 

Seltenerdelementen dotierter Nanopartikel. Insbesondere die hohe Reproduzierbarkeit, 

Skalierbarkeit und Hochtemperatursynthese bieten potenzielle Vorteile gegenüber alternativen 

Synthesewegen. Die Nanopartikel werden jedoch im trockenen Zustand gesammelt, was die Re-
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Dispergierung und Funktionalisierung erschwert. Kapitel 5 untersucht mögliche Strategien, um 

Flammenaerosolpartikel durch nachträgliche Modifikation für Immunmarkierungsanwendungen 

verfügbar zu machen. Da zahlreiche biochemische und biomedizinische Bildgebungsverfahren 

auf hoher Kolloidstabilität beruhen, ist eine Oberflächenmodifizierung oftmals unvermeidlich. 

Die Funktionalisierung mit Poly(ethylenglykol)-Ketten (PEGylierung) ist aufgrund des 

hydrophilen Charakters der PEG-Ketten zu bevorzugen, da sie eine hohe Dispergierbarkeit in 

wässrigen Medien durch sterische Abstossung ermöglicht. Dieses Kapitel zeigt ein einfaches, 

einstufiges Verfahren zur Oberflächenfunktionalisierung von flammenaerosol-hergestellten Y2O3-

Nanopartikeln. Die Kolloidstabilität wurde deutlich verbessert und legt den Grundstein für eine 

biomedizinische Nutzung von flammenaerosol-hergestellten Oxid-Nanopartikeln. 

Zusammenfassend sind in dieser Arbeit zentrale Fortschritte im Hinblick auf die Entwicklung von 

immunoCCLEM basierend auf seltenen Erd-dotierten Nanokristallen erzielt worden. Die Stärken 

von ImmunoCCLEM liegen in der nanometergenauen Auflösung und Identifizierung von 

molekularen Markierungssonden mittels optischer Signaturen bei gleichzeitig vollständiger 

Abbildung der zellulären Ultrastruktur. Die vorliegende Arbeit bildet damit die Grundlage für die 

Mehrfarben-Elektronenmikroskopie als potentielle unkomplizierte Alternative zur 

hochauflösenden Mikroskopie. 
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Summary 

In biomedical research, microscopy plays an immensely important role in investigations related to 

the detailed structure of tissues, cells, organelles, and macromolecules. While fluorescence 

microscopy (FM) enables localization of specific proteins and the study of their functions, the 

vast majority of constituents in a sample stay unlabelled and therefore the wider context remains 

unknown. Moreover, spatial resolution of conventional FM is insufficient to localize single 

proteins. Electron microscopy (EM) on the other hand allows holistic view of the cellular 

ultrastructure with nanometre-scale resolution, however, localization of biomolecules on the 

greyscale images is challenging. While immunogold labelling based on small gold nanoparticles 

is a widely adopted method for epitope recognition in EM, co-localization studies and distinction 

of the labels from other electron-dense granules is not straightforward. The different diffusivities 

of differently-sized gold particles additionally hamper the simultaneous identification of various 

epitopes. Instead of differentiating labels based on their size and electron density, nanoparticles 

may be engineered to exhibit characteristic luminescence properties. The interaction of a focused 

electron beam with the nanoparticle-labelled sample then stimulates photon emission from the 

sample, a phenomenon known as cathodoluminescence (CL), which may be leveraged to enable 

multi-colour electron microscopy.  

Chapter 1 gives an overview of the state-of-the-art and presents the prospects of correlative 

cathodoluminescence electron microscopy (CCLEM) for the biomedical field. This chapter 

introduces the principles of cathodoluminescence microscopy, including the requirements for 

sample and imaging parameters necessary to achieve high-resolution CCLEM bioimages. More 

specifically, the introductory chapter includes a comprehensive analysis of potential 

immunolabels, which are appealing for cathodoluminescence-based functional microscopy 

studies. Following a detailed discussion of the potential advantages and disadvantages of 

cathodoluminescence bioimaging compared to elemental mapping using energy dispersive x-ray 

spectroscopy and electron energy loss spectroscopy, current shortcomings and future 

opportunities, including the prospects of volumetric multi-colour single molecule labelling, 

conclude the first chapter. 

Chapter 2 reports on CCLEM bioimaging on resin-embedded mammalian cells containing 

inorganic nanocrystals. It illustrates how 20 nm Tb
3+

:LaF3 nanoparticles endocytosed by human 
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lung cells (A549) can be imaged using CCLEM. This chapter demonstrates multimodal imaging 

by acquiring secondary electron (SE), backscattering electron (BSE) and CL signals from 

chemically fixed, epoxy resin embedded mammalian cells with fully preserved ultrastructure. 

While the chemical fixation and resin embedding had little influence on the cathodoluminescence 

emission from the nanocrystals, a slight decrease in emission intensity was observed over time 

without critically affecting the data quality. The samples were imaged in both scanning 

transmission electron microscope as well as focused ion beam scanning electron microscopy 

(FIB/SEM) configuration. In contrast to the STEM images where excellent co-localization of the 

CL and the EM signal was found, a slight misalignment attributed to charging was observed in the 

images recorded from FIB sectioned bulk samples. Nonetheless, this first illustration of CL in FIB 

cut biological samples sets groundwork for future studies exploring the three-dimensional 

imaging biological samples using CL protein labels.  

Following up on the previous observation of a time-dependent decrease in the CL emission signal, 

chapter 3 systematically investigates the performance of potential CL labels under suitable 

imaging conditions. The CL imaging parameters were optimized based on Monte Carlo 

simulations on epoxy resin-embedded osmium stained cells as well as experimental data. The 

optimized electron beam parameters reduced previously observed misalignment between BSE and 

CL signals to minimum. The CL emission stability of fluorophores traditionally used in 

bioimaging, including organic dyes (e.g. DAPI), organic and semiconductor quantum dots (QDs), 

and two types of rare-earth (RE) ion doped nanocrystals was studied using imaging parameters 

suitable for CCLEM bioimaging. The two investigated rare-earth element doped nanocrystals 

show superior performance compared to conventional imaging probes and semi-conductor 

quantum dots in terms of emission brightness and stability. The presented YVO4:Bi
3+

,Eu
3+

 probe 

shows remarkably bright emission in CCLEM and can be imaged also in conventional 

fluorescence microscopes, hence overcoming one of the major shortcoming of rare-earth element-

based nanocrystals, which typically require excitation in the deep-UV. Notably, CL mapping also 

provides a powerful high-resolution method to distinguish nanoparticle labels from endogenous 

dense granules, which otherwise cannot readily be differentiated because of their near-identical 

morphology and electron density. This work rationalizes the CCLEM label design and imaging 

parameter selection and paves the way for future studies investigating CL-based molecular 

labelling, provided that adequate surface functionalization protocols become available. 

Chapter 4 reports the development of CCLEM-based immunolabels for specific receptor labelling 

using rare-earth element doped nanocrystals. This chapter presents light-emitting protein labels 

for electron microscopy, and illustrates the distinction of labels based on their emission spectrum 

rather than size or composition (as opposed to traditional EM immunolabels, such as 

immunogold). Monodisperse Tb
3+

 doped YPO4 nanoparticles were synthesized using a 
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microwave-assisted hydrothermal reaction. While the crystallinity was relatively poor, the 

emission from the nanoparticles was sufficient to identify single nanoparticles. The nanoparticles 

were subsequently functionalized with silanes to introduce functional amino groups on the 

particle surface, which were then coupled to folic acid moieties. The functionalized nanoparticles 

were applied to specifically bind to folic acid receptors on mammalian cancer cells using a 

labelling protocol adapted from the immunogold field. In order to assess specificity, the labelling 

efficiency was compared to cells where the receptors were previously blocked with excess free 

folic acid or cells where the receptors were labelled using the well-established immunogold 

method (gold standard). This study demonstrates CCLEM-based immunolabelling using single 

nanoparticle emission and paves the way for future studies demonstrating (multi-)colour imaging 

also of intracellular targets enabled by label recognition based on their emission signatures. 

The above chapters as well as the current literature show that the synthesis of highly crystalline, 

bright and colloidally stable rare-earth element doped nanoparticles is challenging. While 

traditional wet-chemistry based methods are an obvious choice, the limited crystallinity of as-

prepared nanoparticles oftentimes requires annealing, which critically affects their re-

dispersibility. Flame aerosol technology has been shown to allow the scalable synthesis of a 

diversity of nanomaterials, including rare-earth element doped nanoparticles with properties 

suitable for CCLEM. Especially the high reproducibility, scalability and high-temperature 

synthesis provide potential advantages over alternative synthesis routes. However, the 

nanoparticles are collected in dry state, which renders re-dispersion and functionalization 

challenging.  

Chapter 5 investigates potential strategies to make flame spray particles available for 

immunolabelling applications by post-modification. As surface modification of nanoparticles is 

inevitable for bioimaging applications relying on high colloidal stability, functionalization with 

poly(ethylene glycol) chains (PEGylation) becomes the primary choice due to the hydrophilic 

nature of PEG chains, which enables high dispersibility in aqueous media due to achieved steric 

repulsion. This chapter demonstrates a straight-forward one-pot route to surface functionalization 

of flame-made Y2O3 nanoparticles, which significantly improves their colloidal stability and 

paves the way for facilitated biomedical use of flame-made oxide nanoparticles. 

Taken together, this thesis presents key development of immunoCCLEM based on rare-earth 

element doped nanocrystals. ImmunoCCLEM capitalizes on the identification of molecular 

labelling probes based on optical signatures with nanometric resolution along with full imaging of 

the cellular ultrastructure. The present work sets the groundwork for multi-colour electron 

microscopy as a straightforward alternative to super-resolution microscopy. 
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ABSTRACT 

The understanding of living systems and their building blocks relies heavily on the assessment of 

structure-function relationships at the nanoscale. Ever since the development of the first optical 

microscope, the reliance of scientists across disciplines on microscopy has been increasing. The 

development of the first electron microscope and with it the access to information at the nanoscale 

has prompted numerous disruptive discoveries. While fluorescence imaging allows identification 

of specific entities based on the labelling 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 material properties and geometry. Although 

electron microscopy is a powerful tool, it does not implicitly provide information about the 

location and activity of specific organic molecules. While correlative light and electron 

microscopy techniques have attempted to unify the two worlds, 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 the Au composition, and 

the differentiation from endogenous dense granules, remains challenging. Recently, the use of 

correlative cathodoluminescence electron microscopy (CCLEM) imaging based on luminescent 

inorganic nanocrystals has been proposed. While nanometric resolution can be reached for both 

the electron and the optical signal, high energy electron beams are potentially damaging to the 

sample. In this chapter, we discuss the opportunities of (volumetric) multi-colour 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 correlative 

cathodoluminescence electron microscopy-based bioimaging and benchmark CCLEM against 

other high-resolution correlative imaging techniques.  
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Microscopy has enabled some of the most disruptive scientific discoveries, including the 

discovery of pathogenic microbes and viruses. Despite the 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 particularly attractive for biology, as it is the 

only microscopic method enabling fast routine live-cell monitoring. The non-invasive nature, 

simplicity, the ease of sample preparation and the optical transparency of cells make LM 

particularly attractive for a variety of experimental investigations in the fields of biology and 

biomedicine.
1
 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 fluorescent proteins.
2
 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 the Abbe’s 

diffraction limit due to the wave nature of the light.
1,2

 As a consequence, nanoscale light-emitting 

objects are detected as a finite-sized spot, also known as point-spread function (PSF). The point-

spread function is the Gaussian-like intensity distribution of small (point like) objects in the image 

and its width is quantified by the full-width-half-maximum (FWHM). The FWHM in a traditional 

lens-based system is typically 200-300 nm in the focal plane and strongly increases, reaching 

around 500-700 nm, in the axial plane.
3
 Biomolecules are however, in the range of a couple of 

nanometers,
4
 and as such cannot be resolved by traditional fluorescence microscopy. 

1-3
 

1.1 Pushing the Limits: Sub-Diffraction Optical Imaging of Biological 

Samples 

For a long time, 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.
1,5

 However, NOM is only surface sensitive 

and cannot visualize internal subcellular structures. Therefore, in biology, far-field techniques are 

preferred and this has given rise to super-resolution techniques, also known as optical nanoscopy, 

which aim to improve the resolution of traditional lens-based fluorescence microscopy.
1
 Super-

resolution techniques can be broadly divided into two groups
6
: i) methods that use patterned 

illumination to control the emission behaviour of fluorescent molecules, like Structured 

Illumination Microscopy (SIM)
7
 and Stimulated Emission Depletion (STED) microscopy,

8
 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),
9,10

 Photo-Activated Localization 

Microscopy (PALM)
11

 and Stochastic Optical Fluctuation Imaging (SOFI).
12,13

 Super-resolution 

techniques have led to significant improvements in resolution, achieving lateral resolution of 
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around 40-50 nm and axial resolution well below 100 nm, in some cases even around 50 nm.
1,3

 

Recently, Hell et al.
14

 demonstrated ‘MINIFLUX’, which allows localization of fluorescently 

labelled molecules with 6 nm lateral resolution. The most fundamental limitation of optical 

nanoscopy is the achievable labelling density with respect to the required resolution. Often the 

needed labelling densities are not achievable in biological samples without altering their 

function.
3,15

 Nevertheless, commercially available super-resolution setups are widely adopted in 

biomedical research. Super-resolution techniques are discussed in more detail in the recent 

reviews.
2,3,16

 

 

Figure 1: Immunoabelling protocol, which can be applied for immunolabelling using traditional 

immunogold or cathodoluminescence-based immunolabels. Protocol adapted from Guo et al.
17

 

While fluorescence microscopy is an irreplaceable method for functional studies, the context is 

often missing as the majority of cell constituents remain unlabelled.
18

 Therefore, insight to 
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cellular ultrastructure plays a crucial role in understanding and putting the LM data into context. 

Electron microscopy (EM) is a powerful technique for visualizing cellular ultrastructure. 

Biological sample preparation for EM in non-cryogenic conditions requires sophisticated methods 

and includes strong oxidative agents and heavy metals (Figure 1), which yields in non-specific 

contrast enhancement.
19

 Therefore, localization of specific biomolecules, e.g. lipids and proteins, 

is only achievable using additional electron dense labels, such as immunogold.
18,20

 Immunogold 

consists of small gold nanoparticles, which are conjugated to antibodies for specific targeting and 

is nowadays widely adopted in electron microscopy. Even though the immunogold method has 

been around for decades, it still poses challenges. Immunolabelling struggles with co-localization 

studies (i.e., simultaneous observation of several epitopes)
21,22

 and the differentiation of the gold 

nanoparticles from other (endogenous) electron dense structures is problematic.
23

  

Combining light and electron microscopy data help to gain true insight into functional context.
24

 

While traditional correlative light and electron microscopy (CLEM) suffers from the resolution 

mismatch between the two methods, correlative super-resolution light and electron microscopy 

(CSREM) partially overcomes this problem thanks to significantly improved resolution of the 

optical signal.
19,20,25

 Microscopy hardware has rapidly developed since the demonstration of 

CSREM.
11

 While generally highly promising, CSREM still suffers from compromised signal 

quality originating from the different sample preparation requirements for EM and LM.
26

 On one 

hand, light microscopy samples require mild fixation and permeabilization of the cells prior to the 

labelling, which diminishes ultrastructure preservation.
18,26,27

 On the other hand, EM sample 

preparation requires strong fixatives (like glutaraldehyde and osmium tetroxide), which obscures 

epitopes for antibody labelling and quenches fluorescence.
27,28

 Therefore, overcoming these 

challenges requires careful strategies and non-traditional probes.
19,27,29

 Some 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.
27,30

 However, the modifications on the labelling protocols may result in critical 

structural alterations and poorly preserved ultrastructure, which makes correlation between LM 

and EM images difficult.
19

 Recently, CSREM samples were prepared using a newly developed 

osmium resistant photoactivatable fluorescent protein, which enables super resolution microscopy 

on resin embedded sections.
28

 Live-cell imaging is still technically challenging for super-

resolution fluorescence microscopy and therefore most of the samples are imaged in the fixed 

state.
9,31

 However, chemical fixation is associated with structural changes
32,33

 and more often than 

not alternatives, such as fast (plunge) freezing (vitrification), are preferred, since it preserves a 

sample in its near-native state.
34

 However, super-resolution fluorescence microscopy on cryogenic 

temperatures is challenging, as there are no high numerical aperture (NA) objectives available for 

cryo-conditions.
19,34,35

 Instead of imaging samples in cryogenic conditions, biological samples can 
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be freeze-substituted and embedded in resin at low temperature, which preserves the near-natural 

state of the sample and enables imaging in ambient temperatures using high NA objectives.
36

  

1.2 Generating Light by Focused Electron Beams: 

Cathodoluminescence Electron Microscopy 

Rather than collecting optical information with super-resolution light microscopy based 

techniques, sub-wavelength resolution can also be obtained by measuring photon emission 

resulting from the interactions of the samples with accelerated electrons, a phenomenon known as 

cathodoluminescence (CL).
37,38

 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 (Figure 2a). Described signals can be used for 

imaging biological samples. Depending on the sample preparation and imaging conditions, 

biological specimens can be imaged in either ambient or cryogenic conditions using scanning or 

scanning transmission mode (Figure 2b; chapters 2-4). 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 properties. Cathodoluminescence 

has been used both in scanning electron microscopes (SEM) (Figure 2c, 2d, chapters 2,4)
39-42

 and 

scanning transmission electron microscopes (STEM) (Figure 2e, chapter 2).
37,43,44

 Recently, 

systems equipped a pulsed electron beam
45

 (Figure 2d) in conjunction with time-resolved CL 

detection
46

 or integrated light-electron microscopes
45,47,48

 (Figure 2f) have gained attention, as 

they allow studies on complex dynamics of the materials, which can be employed for material 

development.
46

  

Cathodoluminescence is generated by accelerated electrons and can be divided into two main 

groups: incoherent and coherent CL emission.
38,49

 Incoherent emission is typically generated in 

the homogenous medium and is incoherent, unpolarised and isotropic. Although the excitation 

mechanism for cathodoluminescence is comparable to other luminescence phenomena, e.g., 

photoluminescence,
37

 electron beam excitation generally leads to emission by all the 

luminescence mechanisms presented in the material since the electron acts as a supercontinuum 

source.
38,50

 In photoluminescence, the emission is strongly dependent on the excitation energy 

hν.
50

 Systems containing impurities and defects often yield in incoherent CL with multiple 

emission peaks, for example rare-earth ion doped nanocrystals and nitrogen-vacancy centres in 

diamonds.
38

  

Coherent CL emission on the other hand has a fixed phase relation with the incoming electrons 

and is strongly polarized. Coherent emission is always generated when there is a difference in 
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refractive index with vacuum. Although coherent CL is generated in all the materials, the intensity 

is orders of magnitude weaker compared to incoherent CL. Typically, plasmonic and periodically 

structured systems are characterized by their coherent CL emission, as incoherent CL in these 

materials is diminished by non-radiative processes.
38

 This thesis focuses on the use of incoherent 

CL in biological samples, for more comprehensive overview on CL can be found by Coenen et 

al.
38

 

 

Figure 2: a) Generation of various signals via electron beam – matter interactions, including 

secondary (SE), backscattered (BSE), and Auger (AE) electrons, 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) 

scanning electron microscope (SEM) including focused ion beam (FIB)/SEM,
38

 d) pulsed SEM,
46

 e) 

scanning transmission electron microscope (STEM),
44

 and f) integrated light and electron 

microscope.
45

 

The advantage of CL over traditional fluorescence methods is a spatial resolution in nanometre 

range due to 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.
50

 However, depending on the imaging method, e.g. 

SEM or STEM, all the above mentioned factors contribute differently to the resolution. An 
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electron beam can be focused down to a nanometre scale beam waist in modern electron 

microscopes but scanning transmission electron microscopes normally operate with smaller spot 

size compared to scanning electron microscopes. The spot size of electron beam is mostly 

determined by the beam current: smaller spot size is achieved by using lower electron beam 

current.
51

 Higher acceleration voltage at the given current result in smaller spot size, however, 

also increases the CL generation volume in bulk samples.
50,51

 Therefore, in SEM the resulting 

increased interaction volume and lateral spread significantly reduces CL spatial resolution (see 

also chapter 3),
42

 while in STEM, the generation volume is determined by the thickness of the 

sample, which is typically around 100 nm.
37

 Calculations have shown that the diffusion length of 

the secondary 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 diffusion length.
50

 Depending on the 

sample, the chosen instrumentation, and the imaging conditions, CL spatial resolution well below 

the Abbe diffraction limit can be achieved.
42,52

 

1.3 Towards Single Protein Labelling 

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

semiconductors, even though first reports on CL in biological samples date back to the 1970ies, 

where Pease et al.
53

 enhanced the contrast of spinach leaves by absorbing thioflavin dyes into cell 

walls (Figure 3a). This early study gave rise to follow-up studies exploring potential 

cathodoluminescence dyes.
54,55

 However, CL emission from these samples was poor and CL 

microscopy was constraint to niche applications. Only with the emergence of luminescent 

inorganic nanocrystals with bright and narrow emission, correlative cathodoluminescence electron 

microscopy (CCLEM) bioimaging has gained increasing attention.
39,44

 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 (Figure 3b) rather than their composition (as in the 

case of immunogold labelling) gives significant appeal to CL bioimaging.
56,57

 However, CCLEM 

still faces obstacles related to poor CL signal
53

 as well as the electron beam damage to the 

biological samples
58

 and the labels themselves
55

 due to high energies required for the excitation of 

the luminescent labels (see chapter 3). There is an urgent need for bright and stable imaging 

probes for molecular labelling applications in CCLEM setting. 
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Figure 3: Seminal examples of CL bioimaging. a) First demonstration of cathodoluminescence on 

biological samples by Pease et al.
53

- Reprinted by permission from Nature/Springer: Nature 

(Scanning Electron Microscopy of Biological Material, Pease et al. 1966). b) The first 

demonstration of multicolour CL of biological sample using rare-earth element doped nanocrystals 

by Niioka et al.
57

 – 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 (II) FIB/SEM 

mode on biological samples by Keevend et al.
39

 - Reproduced by permission of The Royal Society of 

Chemistry. d) First demonstration of immunolabelling on biological samples using CL-based label 

detection by Hemelaar et al.
47

 

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 is limited.
42,59

 The organic molecules bleach rapidly under 

accelerated electrons due to structural damage introduced by the primary beam.
55,59,60

 

Semiconductor quantum dots (QDs), mainly CdSe/ZnS structures, 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.
61

 As alternatives, 

rare-earth element (REE) doped nanoparticles
39,41,62

 (Figure 3c) and fluorescent nanodiamonds 

(FNDs)
45,56,63

 (Figure 3d) have been proposed as multi-colour cathodoluminescence labels. REE
3+

 

doped nanocrystals have been reported to show minimum bleaching under high acceleration 
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voltage even after long-term exposure,
43,59

 however, decreasing CL intensity using low 

acceleration voltages has been reported.
39,42

 The stability of inorganic nanocrystals is still 

significantly higher compared to widely adopted fluorescence microscopy labels. Loss in 

emission intensity in REE
3+

 doped nanocrystals can be attributed to degradation of the label
64

 and 

the accumulation of active quenchers.
42,43,56

 The emission stability of nanodiamonds has not been 

studied in detail, but STEM studies report that they can be imaged even after 2-3 hours of 

continuous beam exposure.
65

 

Both REE
3+

 doped nanocrystals and nanodiamonds show high cytocompatibility, 
66,67

 high 

emission stability, and have been employed as potential labels in fluorescence
67,68

 and 

cathodoluminescence
47,57

 bioimaging. The emission spectrum can be tailored, enabling multi-

colour imaging, by introducing impurities
43

 or engineered defects
69

 in the nanocrystals. Multi-

colour imaging is an attractive feature of CL microscopy, especially since current protein 

labelling techniques are significantly limited in the simultaneous detection of several epitopes as a 

result of the diffusivity differences of various-sized gold nanoparticles.
21,22

 In fact, the main 

advantage of the proposed labels is their stable luminescence emission in spite of the osmium 

staining or resin embedding,
39,42,47

 in sharp contrast to sample preparation methods used for 

CLEM and CSREM.
26,28,35

 CL-based multi-target imaging can alternatively be achieved by 

selecting labels based on their distinctly different emission lifetimes in combination of time-

resolved and/or gated CL imaging.
45,63

 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 synthesis, colloidal stability, and surface 

functionalization. The potential markers must be in the size of a typical protein (2-6 nm),
4
 show 

bright emission, and have high colloidal stability. Synthesis of REE
3+

 doped nanocrystals has 

been attempted by various methods, including flame aerosol technique,
68,70

 homogeneous 

precipitation,
41

 solvothermal,
71

 thermal decomposition,
72

 and microwave-assisted hydrothermal 

route.
73

 While many methods yield in highly crystalline nanoparticles, they also involve either 

collection of particles in dry state
68,70

 or high temperature annealing.
41

 As a result, nanocrystals 

oftentimes show comparatively poor colloidal stability,
41,66

 which may be improved by post-

synthesis surface functionalization.
66

 Even though post-functionalization may significantly 

increase colloidal stability, it remains challenging to obtain fully monodisperse colloids, when the 

materials are irreversibly sintered.
66

 Synthesis in high boiling point solvents more often yield 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.
62,72,73

 Furthermore, small nanoparticles typically suffer from low 

brightness, as the emission intensity is strongly dependent on surrounding crystalline material. 

Small nanocrystals have high surface-to-volume ratio and large portion of dopant are located on 
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the surface, which are more prone to quenching (surface impurities, ligands, and solvents).
72

 

Therefore, creation of core/shell structures
74

 and adoption of additional sensitizers
72

 to the particle 

structure are beneficial for obtaining high brightness. 

First nanodiamonds were produced by detonation, however, a wide variety of methods are 

nowadays used in research and industrial laboratories, including laser ablation, plasma-assisted 

chemical vapour deposition (CVD), high-energy ball-milling of high-pressure high-temperature 

(HPHT) diamond microcrystals, as well as hydrothermal synthesis routes.
75

 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, rising the interest in using these materials 

for bioimaging.
75,76

 The fluorescence emission from nanodiamonds is mainly originating from 

nitrogen-vacancy (NV) centres, which are created by irradiation and annealing processes. NV 

centres occur in two charge states, neutral (NV
0
) and negatively charged (NV

-
), contributing both 

to the fluorescence emission spectra, while mostly NV
0 

centres contribute to the 

cathodoluminescence emission spectra.
47,75

 Although fluorescence emission of nanodiamonds 

proves to be photo-stable, smaller particle populations have high rate of non-emitting 

nanoparticles and limited brightness, which critically hampers specific labelling applications.
47,77

 

Despite the limitations, there are many surface functionalization methods available for 

nanodiamonds. Nanodiamonds are functionalized using common and versatile wet-chemistry 

methods, which enables carboxylation, halogenation, Diels-Alder reactions, and diazonium 

chemistry.
75,77

 Single protein labelling can be achieved by using functionalization techniques 

similar to immunogold. Prior to that, biologically 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
78

 or polymers
79

 and then adding a bioactive molecule, which acts as 

a targeting moiety, such as a small molecule
67,80

 or an antibody.
81

  

Next to the instrument and sample properties, imaging conditions are intimately linked to the 

optical properties of the label, including brightness, stability, and emission lifetime. Bright and 

stable labels allow usage of low acceleration voltages and beam currents, while having sufficient 

signal-to-noise (SN) ratio (see chapter 3).
42

 According to Prigozhin et al.
62

 the best signal-to-noise 

(SN) ratio is achieved when the electron interaction volume is matched to the size of 

nanoparticles. This suggests that for small nanoparticles (≤ 20 nm), low acceleration voltages are 

beneficial, which are oftentimes also used in bioimaging (see Table 1). The luminescence lifetime 

of the labels affects the electron beam scanning parameters and must be chosen based on the 

application. Smearing strongly reduces the image quality and occurs in case the dwell time is 

shorter than the fluorescence emission lifetime.
63

 Rare earth elements typically have lifetimes in 

the range of milliseconds
68,70

 (with exceptions, such as Ce
3+

 ions with lifetimes of ~ 60 ns
82

), 

while nanodiamonds, organic fluorophores and semiconductor quantum dots exhibit lifetimes in 
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the range of nanoseconds.
63,83,

 Next to emission lifetime, emission brightness and stability also 

dictate the scanning parameters. Electron dose, i.e. how many electrons per unit area of exposure 

are landing on the sample, depends on electron beam current, dwell time and scanning area and is 

responsible for electron beam damages the samples.
58,60

 Bright labels allow usage of low electron 

beam currents and suffer less from potential electron beam damage compared to dimmer particles, 

as they accumulate less effective dose.  

Table 1: Inorganic nanoparticles used in biological CCLEM. 

Sample 
Instru-

ment 

Image acquisition conditions 

Specimen Reference Accelera-

tion vol-

tage (kV) 

Beam 

current 

(nA) 

Dwell 

time 

(ms) 

Y2O3:Ln
3+

  

(Ln=Eu, Tm, Tb) 
SEM 10 0.47 50 

Eukaryotic 

cells 

(J744A.1) 

Niioka et 

al.
57

 

Nanodiamonds and 

LuAG:Ce
3+

 
SEM 5 1.2 0.09 No cells 

Glenn et al. 
56

 

Y2O3:Zn,Eu
3+

 SEM 3 0.053 100 
Eukaryotic 

cells (Hela) 

Furukawa et 

al.
84

 

Y2O3:Tm
3+

,Yb
3+

 SEM 3 N/A 100 
Eukaryotic 

cells (Hela) 

Fukushima 

et al.
85

 

Nanodiamonds SEM 5 0.895 0.106 
Eukaryotic 

cells (Hela) 
Nawa et al.

69
 

Y2O3:Ln
3+

  

(Ln=Eu, Tb) 
STEM 80 2 100 

Eukaryotic 

cells (Hela) 

Furukawa et 

al.
43

 

Y2O3:Ln
3+

, Yb
3+

  

(Ln = Tm, Er) 
STEM 80 N/A 500 

Eukaryotic 

cells (Hela) 

Fukushima 

et al.
41

 

Gd2O3:Ln
3+

, Yb
3+

 

(Ln = Tm, Ho, Er) 
STEM 80 N/A N/A 

Eukaryotic 

cells (Hela) 

Thi Kim 

Dung et al.
86

 

Enhanced Green 

Fluorescent Protein 
TEM 200 01.-0.3 N/A No cells 

Nagayama et 

al.
48
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LaF3: Tb
3+ 

nanocrystals 

SEM/STE

M 
2/5 0.4 50 

Eukaryotic 

cells 

(A549) 

Keevend et 

al.
39

 

Nanodiamonds STEM 60 N/A N/A 

Eukaryotic 

cells 

(A673) 

Nagarajan et 

al.
44

 

Nanodiamonds SEM 3 0.8 N/A 

Eukaryotic 

cells 

(J744A.1) 

Hemelaar et 

al.
47

 

YVO4:Bi
3+

, Eu
3+

 

and Y2O3:Tb
3+

 
SEM 2 0.4 1 or 5 

Eukaryotic 

cells 

(Human 

vascular 

endothelial 

cells) 

Keevend et 

al.
42

 

Auto-

cathodolumines-

cence 

SEM 8 N/A 20 

Animal/ 

human 

collagen 

tissues 

Zielinski et 

al.
87

 

NaGdF4:Eu
3+

 SEM 1.5 - 20 0.3-0.5 2 No cells 
Prigozhin et 

al.
62

 

 

1.4 Towards Live Cell Imaging and 3D nanotomography 

Provided that suitable labels become available in the near future, additional imaging modalities 

may combine well with the new opportunities given by multi-colour imaging directly in the 

electron microscope. First correlative CL and electron microscopy has also been demonstrated on 

live cells.
69,88

 Live cell imaging and acquisition of CL signal is possible by using electron-

transparent membranes, which allow electron microscopy imaging in hydrated state.
88

 However, 

live-cell imaging suffers from low signal-to-noise ratio and electron beam damage, which limits 

prolonged investigations.
69

 Cathodoluminescence can also be collected under cryogenic 

conditions, which typically yields narrow emission lines and enhanced CL emission intensity.
89,90

 

However, preparation of cryo-samples involves major logistic challenges and is not as widely 

adopted as the imaging of resin-embedded samples. Cryogenic sample preparation becomes 

useful when attempting to preserve auto-cathodoluminescence signals of biological samples, 

which are typically quenched by osmium tetroxide. 
91
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An alternative approach exploiting CL for nanoscale bio-imaging is cathodoluminescence-

activated imaging by resonant energy transfer (CLAIRE).
92

 In this technique a thin-film phosphor 

material is used in which CL is efficiently generated 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
93

 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. Furthermore, the range of useable electron beam energies and 

performance of conventional electron microscopy (SE, BSE imaging) is limited by the phosphor 

layer geometry. 

Three-dimensional (3D) imaging e.g. tomography has continuously gained importance in 

microscopy. Three-dimensional imaging aids a better understanding of cellular features and 

physical interaction 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 event for the 

accelerated electron. Tomographic images can be constructed from the series of TEM images 

collected from a range of angles.
22

 Alternatively, 3D information can be acquired using focused 

ion beam (FIB) SEM, which allows precise sectioning and enables nanometric resolution in x-y-z 

direction.
94

 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.
40

 The exposed structures are subsequently 

scanned with a focused electron beam using low acceleration voltages. Cathodoluminescence 

bioimages with nanometric resolution from FIB sectioned samples have been acquired from 

nanoparticle exposed mammalian cells.
39,42

 However, to our best knowledge, in-situ 3D FIB-

SEM-CL has only been demonstrated on diamond
40

 and not yet on biological samples. Currently, 

FIB-SEM-CL can only be acquired on manual slicing mode in the commercially available 

microscopes.
39,40,42

  

High-resolution CL tomography requires optimal milling and imaging conditions. The FIB slicing 

thickness is dependent on the electron beam acceleration voltage used for imaging, since it is 

preferred to avoid overlapping signals between the slices. 3D CL tomography on diamond sample 

revealed growth patterns within the material illustrating the potential of gaining mechanistic 

insights. However, the achieved spatial (~300 nm) and axial resolutions (~650 nm) did not reach 

the usual resolution in FIB-SEM.
40,95

 The size of electron beam interaction volume is strongly 

dependent on the material and therefore requires further tweaking for specific applications. For 
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high resolution 3D CCLEM FIB-tomography, the electron beam interaction volume should be 

kept as low as possible and the usage of bright labels is required.
42

 CL tomography has also been 

demonstrated without focused ion beam. Recently, Atre et al.
96

 established CL tomography on 

metal-dielectric crescent in SEM by studying differently oriented particles and collecting 

corresponding coherent CL signals, achieving substantially higher spatial and spectral resolution 

and locate regions of high CL intensity at each wavelength. The main limitation in adoption of CL 

tomography in biological research is the strong need for bright and stable labels. This helps to 

minimize the CL generation volume and thus result in high resolution in x-y-z direction. 

Additionally, workflows in current imaging systems must improve drastically; mainly fully 

automated FIB milling, and subsequent acquisition of CL and electron micrographs must be 

implemented.   

1.5 Competing Methods: EELS and EDX 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. 

“ColourEM” or analytical electron microscopy converts grey-scale analytical information into 

false colour-coded images, and can be used to identify biological features based on elemental 

composition.
97,98

 CCLEM could be employed as label-free method, when imaging auto-

cathodoluminescence of tissues and cells.
87,88,91

  

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 energy 

dispersive X-ray analysis (EDX) or electron energy loss spectroscopy (EELS). EDX analyses 

specific energetic electromagnetic 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, releasing characteristic X-ray radiation. As the 

produced radiation is specific to the atom, energy dispersive X-ray analysis allows elemental 

composition studies. It has been extensively used in geology and material science; however, it has 

not been widely adopted in life sciences yet. EDX systems are nowadays also able to measure 

light elements (down to Li) with acceptable signal-to-noise ratio.
99

 Scotuzzi et al.
100

 have shown 

identification of different cell types and peptides with EDX without using any exogenous labels 

by differentiating between cell types based on their elemental composition. The EDX resolution is 

strongly dependent on acceleration voltage and the material density, but hardly ever reaches 

spatial resolution below 1 µm in SEM
101,102

 and EDX mapping typically requires acquisition times 

~10x longer than CL for comparable signal/noise. 
42,100
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Another imaging modality that has been suggested for elemental mapping is based on electron 

energy loss spectroscopy (EELS). EELS analyses inelastic scattering of primary electrons after 

interaction 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 analysed with a high-resolution electron spectrometer, producing an electron energy-loss 

spectrum. The primary electron ionizes 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.
103

 While EELS determines single elements and valence 

electron energy-loss spectrum (like in case of carbon, nitrogen, and oxygen); it also reveals 

chemical fingerprints of biological 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 immuno-labelling.
104

 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 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 around 50 nm.
104

  

The choice of the imaging method depends on the scientific question that needs to be addressed, 

as every described method has its advantages and disadvantages. All the above described methods 

are based on primary electron beam interaction with the sample and have a potential for label-free 

detection.
87,98,100

 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.
98,104

 STEM-EELS imaging can induce significant beam damage,
105

 while 

EDX and CL are less invasive due to the lower beam energies. EELS must be acquired from 

ultrathin samples,
98,104

 whereas CL and EDX can be collected from bulk and ultrathin samples.
39,98

 

EDX and CL spatial and axial resolutions depend on electron beam interaction volume in the bulk 

samples,
42

 they are acquired with significantly lower electron beam energy compared to EELS (≥ 

5 kV vs ≥ 100 kV). X-rays are generated in a (slightly) smaller generation volume compared to 

CL at the given acceleration voltage. Beam energies required for generating EDX signal are 

typically ≥ 5 kV and collection times oftentimes exceed several hours.
102

 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.
39,42,104

 EELS and EDX are able to identify currently available immunolabels, e.g., 

based on gold and quantum dots, while CL requires development of novel light-emitting labels 

due to the limited brightness and stability of current probes.
98,104

 



Chapter 1
 

 

17 

1.6 The Future of CCLEM Bioimaging 

Cathodoluminescence has a great potential to be adopted by biologists for routine analysis: it can 

be acquired simultaneously in scanning or transmission electron microscopes on live cells, 

histology sections, cryopreserved or resin embedded samples. The main advantage of 

cathodoluminescence over existing super-resolution methods is that sub-wavelength optical 

information can be collected directly in the electron microscope, along with the sample 

ultrastructure. Developing bright and stable molecular labels based on REE
3+

doped nanocrystals 

has the prospect to enable multi-colour labelling at low electron beam energy, which can be used 

for simultaneous labelling of multiple epitopes thereby overcoming one of the major challenges of 

the well-established immunogold method. Despite recent efforts and fascinating libraries of near-

monodisperse nanocrystals with nine distinct emissions,
62

 multi-colour single molecule labelling 

has yet to be demonstrated. Especially the gap between precision nanoparticle synthesis protocols 

in organic environments and successful phase transfer and post-functionalization requires more 

work. First promising steps into the direction of efficient phase transfer have recently been 

published by Dragoman et al.
106

 Alternative routes based on untemplated synthesis also are 

increasingly explored (chapter 4). Despite the promising prospects, CCLEM is currently not 

widely adopted by biologists due to the poor availability of suitable off-the-shelf CL-labels.
98

  

The present thesis reports on key developments related to label development, imaging conditions 

and instrument adjustments, which pave the way for CCLEM-based immunolabelling 

(immunoCCLEM). Especially, the use of bright inorganic nanocrystals allows the use of 

straightforward, well-established and robust sample preparation methods, since their emission is 

not affected by traditional fixatives and heavy metal stains. This in turn enables 3D correlative 

multi-colour cathodoluminescence electron microscopy when integrating CL detectors into 

(S)TEM and FIB/SEM. Making high-quality near-monodisperse nanocrystals with specific 

binding moieties available for use in aqueous environments and the increasing availability of CL 

detectors as well as creating automated imaging systems in electron microscopy facilities is 

expected to significantly boost the adoption of CL by the biologist community as a potential 

alternative to super-resolution microscopy. 
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ABSTRACT 

Here, we report the use of rare earth element-doped nanocrystals as probes for correlative 

cathodoluminescence electron microscopy (CCLEM) bioimaging. Mammalian cells previously 

exposed to co-precipitated LaF3:Tb
3+

 nanoparticles were chemically fixed, heavy-metal stained 

and embedded to epoxy resin. Resin blocks were trimmed and the samples were imaged either as 

sections in scanning transmission electron microscope or as a bulk sample in a dual-beam 

scanning electron microscope. This study showcases the identification of LaF3:Tb
3+

 nanoparticles 

based on their optical emission along with full ultrastructural context. This first experimental 

demonstration shows potential for the simultaneous acquisition of luminescence and electron 

microscopy images with nanometric resolution in focused ion beam cut biological samples. 
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2.1 Introduction 

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.
107

 The subsequent 

development of electron microscopes and procedures to analyse ultrastructural features 

revolutionized yet again our understanding of how living systems work.
108

 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.
109

 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.
24,25,109

 In order to 

acquire fluorescence images with resolutions higher than the Abbé diffraction limit (~λ/2), more 

refined techniques, such as stochastic optical reconstruction microscopy (STORM)
110

 or 

stimulated emission depletion (STED) microscopy
8,27

 need to be employed.  

Electron microscopy provides nanometric resolution. However, acquisition of high contrast 

electron microscopy images often requires sophisticated specimen preparation, and the use of 

suitable contrasting agents, such as osmium tetroxide and uranyl acetate, which typically quench 

fluorescence of organic fluorophores.
111

 Additionally, exposure to high-energy electrons 

commonly used for the acquisition of electron micrographs leads to rapid degradation of organic 

fluorophores.
48

 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.
50

  

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.
85,112,113

 In particular, lanthanum fluoride (LaF3) is an 

outstanding host matrix for luminescent RE ions, by means of low phonon energy and high 

chemical stability. The LaF3 matrix can be doped with different RE ions, such as terbium, 

dysprosium, europium, neodymium, etc., due to their similar ionic radii.
114

 Since the 

photoemission of rare earth element-doped inorganic nanocrystals is generally less affected by 
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electron beam exposure compared to organic fluorophores, RE ion-doped nanoparticles are 

excellent imaging probes.
43

  

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 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.
43,44,56

 RE-

doped Y2O3 nanocrystals have been used for CL-STEM
43

 and CL-SEM
57

 (multi-colour) 

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 Tb
3+

-doped LaF3 nanocrystals as probes for correlative 

cathodoluminescence electron microscopy imaging of biological specimen with nanometric 

resolution. We demonstrate that CL imaging of RE-doped LaF3 nanocrystals can be used in 

combination with high resolution electron back-scattering imaging of osmium-contrasted 

biological samples, hence opening a new avenue to high resolution correlative imaging of 

nanometric objects and ultrastructural features of biological samples. 

2.2 Experimental 

2.2.1 Reagents 

Lanthanum (ΙΙΙ) nitrate hexahydrate (La(NO3)3·6H2O, 99.999%), terbium (ΙΙΙ) nitrate 

pentahydrate (Tb(NO3)3·5H2O, 99.9%), ammonium fluoride (NH4F, ≥ 99.99%), ethylene glycol 

(HOCH2CH2OH, ≥ 99.5%) and polyvinylpyrrolidone (PVP, MW ~55,000) were purchased from 

Sigma-Aldrich. Poly(ethylene glycol) methyl ether thiol (mPEG-SH, MW 1k) was purchased 

from Creative PEGWorks. All the reagents were used without further purification. Cell culture 

media and supplements were purchased from Life Technologies. Used water was double distilled 

(ddH2O).  

2.2.2 Synthesis of LaF3:Tb
3+

- PVP/ -PEG nanocrystals 

LaF3:Tb
3+

 nanocrystals capped with polymer were synthesized in ethylene glycol via co-

precipitation. The dopant concentration was kept around 10%. Typically, 30 ml of 0.10M 

La(NO3)3, 10 ml of 0.03M Tb(NO3)3 and 0.2 grams of polymer (either PEG or PVP) were mixed 
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under continuous stirring. Then 10 ml of 0.32M NH4F solution was added to the mixture of RE 

ions. The reaction was carried out at 150 °C for 3 h under stirring. Synthesized nanocrystals were 

collected by centrifugation and washed several times with ethanol and ddH2O. Finally, particles 

were stored in ddH2O for further use.  

2.2.3 Physicochemical characterization 

Particles were prepared for TEM by sonicating the initial colloid for 10 minutes in ultrasonication 

bath. Then, 10 µl of colloid was diluted with ddH2O. The TEM grids (200 mesh Cu grids with 

formvar film from Electron Microscopy Science, Lucerna-Chem AG, Lucerne, Switzerland)) 

were placed on the droplet and soaked for 5 minutes. The grid was air-dried. After drying, the grid 

was imaged in a JEOL 2000FX transmission electron microscope. 

Fluorescence spectroscopy was performed using a Quantaurus-QY C11347-11, Hamamatsu 

Spectrometer, using an excitation wavelength of 346 nm. 

XRD was done on white powders of as-prepared terbium-doped LaF3 nanocrystals which were 

mounted on a Stoe Mark II-Imaging Plate Diffractometer System (Stoe & Cie, 2015) equipped 

with a graphite-monochromator. Data collection was performed at –100˚C using Mo-Kα radiation 

(λ = 0.71073 Å, beam diameter 0.5 mm). Two-dimensional diffraction images (30 min per 

exposure) were obtained at an image plate distance of 200 mm with a continued sample rotation. 

The resolution was Dmin - Dmax 24.00 - 0.82 Å and intensity integration has been performed over 

the entire image (360°). Crystallite size was calculated using the Scherrer equation  

 

where D is the diameter of the particle, λ is the wavelength of the X-ray and β is the full width at 

half maximum (FWHM) corrected for instrument broadening. 

Thermogravimetric analysis (TGA) of powdered samples was performed in air using a NETZSCH 

TG 209 F1 instrument, heating from 25-500 °C at 10 K·min
-1

. 

Fourier-transformed infrared spectroscopy (FTIR) was performed on a Bruker Tensor 27 FT-IR 

spectrometer for powdered samples. 

Hydrodynamic size and concentration measurements were performed using a Nano Sight NS 500 

(Malvern) nanoparticle tracking analysis (NTA) instrument. Suspended particles were illuminated 

with a 532 nm laser beam and the hydrodynamic size was calculated based on the Strokes-

Einstein equation. Before the measurement, the NS500 instrument was primed following the user 
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manual. Particles were diluted 1:100 in cell culture media (RPMI-1640, Life Technologies) and 

vortexed before the measurements. Particle suspensions were analysed using measurement 

conditions of 30-100 particles/frame and 5 consecutive runs of 200 seconds each were recorded.  

2.2.4 Cytotoxicity measurements 

Cytotoxicity measurements were carried out according to the protocol from the manufacturer 

using Promega CytoTox 96® Non-Radioactive Cytotoxicity Assay kit. 

2.2.5 Preparation of cellular specimens for CL-FIB-SEM imaging and 

imaging conditions 

Human lung cells (A549) were cultured in Roswell Park Memorial Institute Media (RPMI-1640) 

containing 10% fetal bovine serum (FBS) at 37°C in 5% CO2. Cells were sub-cultured every fifth 

day and grown to 75% confluence. For experiments, cells were seeded at a density of 60 000 

cells/cm
2
 in cell culture media containing 10% FBS and left to attach for 24 hours. Next, cells 

were incubated with LaF3 nanocrystals (100 µg for 100 000 cells) for 24 hours. Cells were then 

gently washed with pre-warmed PBS, trypsinized and fixed with 4% methanol-free 

paraformaldehyde (PFA) overnight in the fridge. Pellets were then washed with ddH2O (3x) and 

cacodylate buffer (0.1 M) (3x) and stained with 2% osmium tetroxide and 1.5% potassium 

ferricyanide for 1 hour. Pellets were washed with ddH2O and then gradually dehydrated using an 

ethanol gradient (20%, 40%, 50%, 60 %, 70%, 80%, 90%, 95%, 100% (3x)) and embedded in 

epoxy resin (EPON 812), according to procedures described in the manufacturer’s protocol. Resin 

blocks were cured in the oven for 48 hours, trimmed with a razor blade and then sectioned in 100 

nm sections using an ultramicrotome, where applicable. The thin sections were imaged in a FEI 

Helios 660 G3 UC FIB/SEM system using a 30 kV electron beam in the transmission mode. 

Resin-blocks were sputter-coated with gold/platinum and trenches of 50 µm width and several 

tens of micrometers in depth were cut using a focused gallium ion beam. The focused ion beam 

was operated at 30 kV and beam currents between 47 nA to 9 nA have been used to cut and polish 

the cross-sections. Cross-sections were then imaged using an in-lens backscattering and secondary 

electron detector. Cathodoluminescence images were acquired using a Delmic SPARC detection 

system. The detector was operated either in spectroscopic mode or in imaging mode, therefore 

either an Andor Shamrock 193 spectrograph or a PMT were used respectively to image the 

sample. Cathodoluminescence images are slightly distorted due to a sample shift related to sample 

charging and discharging during data acquisition and therefore for overlay images, the angles 

have been changed.  
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2.3 Results and discussion 

RE-doped LaF3 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 centred around 10 nm (Figure 1a (I)). Obtained electron diffraction patterns show 

highly crystalline nanoparticles (Figure 1a (II)). X-ray diffractometry (XRD) confirms the 

presence of a crystalline hexagonal LaF3 phase (Figure 1b; see Appendix, Figure S1).
115

 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 LaF3 and organic capping agents and is in agreement with previous reports (see Appendix, 

Figure S2).
114,116

  

 

Figure 1: a) Transmission electron micrograph, electron diffraction patterns, high resolution 

transmission electron micrograph, and b) X-ray diffraction (XRD) patterns of as-prepared Tb
3+

-

doped LaF3 nanocrystals. The asterisked peaks correspond to reference data.
117

 c) 

Photoluminescence spectrum of PEGylated Tb
3+

-doped LaF3 nanocrystals using excitation 346 nm. 

The inset is a photograph of Tb
3+

-doped LaF3 colloidal solution under 254 nm excitation. d) 

Corresponding cathodoluminescence spectrum of PEG-capped nanoparticles exposed to an 

electron acceleration beam of 5 kV. 
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Thermogravimetric analysis (TGA) indicates a weight loss of 5% for PEGylated and 10% for 

PVP capped nanocrystals (see Appendix, Figure S3), confirming primary functionalization of the 

particles. Characteristic photoemission peaks for Tb
3+

 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 
5
D4  

7
F5 transition. 

In addition to luminescence, colloidal stability of LaF3 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; see Appendix, Figure S4). PEGylated nanocrystals also 

show remarkable colloidal stability over time in protein containing cell culture media (see 

Appendix, 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 LaF3 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 μg / 100’000 cells) (Figure 2b; see Appendix, Figure S6). Cellular uptake of 

LaF3 nanocrystals was confirmed by scanning transmission electron micrographs (STEM) of cells 

exposed to particles for 24 hours. STEM images of 100 nm sections show particle aggregates 

localized in vesicular structures as well as nanoparticles sticking to the outer cell membrane 

(Figure 2c; see Appendix, 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.
118

 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 A549 cells were recorded and show nanoscale resolution (< 50 nm) with pixel 

sizes of 20 nm and 2 nm, respectively (Figure 2e; see Appendix, Figure S8. For unprocessed 

cathodoluminescence images, see Appendix, Figure S9). Low voltages have been used for CL 

imaging for optimal spatial resolution and to minimize bleaching. Recorded cathodoluminescence 
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images coincide well with the STEM images from the same region (Figure 2f). The CL-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 Appendix, Figures S10, the arrow indicates particles outside of vesicular 

bodies). It is unlikely that particles of this size are present outside of vesicular compartments.
119

 

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. 

 

Figure 2: a) Hydrodynamic size measurements in physiological media (cell culture media) for 

PEGylated nanocrystals. b) Cytotoxicity measurements showing the release of lactate 

dehydrogenase from human A549 cells in response to particle exposure (0-200 µg per 100’000 

cells) for 24 hours (expressed relative to 100% lysis). c) Scanning transmission electron 

micrographs (STEM) and d) corresponding secondary electron image showing intracellular 

particle agglomerates. e) Cathodoluminescence image of the corresponding area with a pixel size 

of 20 nm and f) an overlay image of a brightfield-STEM image and corresponding CL-image, 

showing co-localization of the particles. 

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 
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is a powerful high-resolution imaging technique, which enables slice-and-view imaging 

with nanometric resolution in x-y-z.
94

 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 μm x 50 μm (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 Tb
3+

-specific emission 

associated with the nanocrystals, which is displayed as a map in Figure 3d (for 

unprocessed cathodoluminescence images, see Appendix, Figure S9).  

 

Figure 3: a) 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. b) 

Electron backscattering image of the FIB cross-section. c) Electron back-scattering image of a 

single cell and d) corresponding cathodoluminescence image with a pixel size of 50 nm. e) 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. 
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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 Tb
3+

-doped polymer-capped LaF3 nanoparticles to electron 

beam irradiation showed that the stability of the nanocrystals is limited (see Appendix, 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.
64

 Hence, nanocrystal properties need to be 

further optimized to address stability issues, especially when using low scanning speed for CL 

image acquisition.  

2.4 Conclusions 

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 characterization of resin-embedded biological samples 

contrasted with osmium tetroxide, harvesting the different sample specific emissions of electrons 

(SE, BSE) and photons (CL) upon electron beam exposure. RE-doped LaF3 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 Tb
3+

, 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 excitation of Tb
3+

 

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.
120

 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 

occurring granules (such as glycogen granules
121

), which often is challenging in traditional 
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electron microscopy.
23,122

 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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2.6 Appendix 

 

Figure S1: Measured XRD patterns (three independent experiments) and reference data for 

hexagonal LaF3 phase.  

 

 

Figure S2: Fourier-transformed infrared spectroscopy (FTIR) spectra for polymer coated as-

prepared LaF3:Tb
3+

 nanocrystals.  

 

Figure S3: Thermogravimetric analysis of polymer coated as-prepared LaF3:Tb
3+

 nanocrystals. 
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Figure S4: Nanoparticle tracking analysis (NTA) measurements for PVP covered LaF3:Tb3+ nanocrystals. 

 

 

Figure S5: Colloidal stability of PEGylated LaF3:Tb
3+ 

nanocrystals in protein containing media 

over time. 

 

Figure S6: LDH activity measurements in cell culture supernatants after 24 hours of polymer-

coated LaF3:Tb
3+

 nanoparticles to human lung cells (A549).   
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Figure S7: Scanning transmission electron (STEM) micrograph of 100 nm sections of A549 cells 

showing particles localized in endosomes and in proximity of the outer cell membrane.  

 

 

Figure S8: Scanning transmission electron micrograph of 100 nm sections of A549 cells (a) and 

corresponding original cathodoluminescence image of the area with pixel sizes of 2 nm (b).  

 

Figure S9: Original cathodoluminescence images of luminescent particles in 100 nm sections of A549 cells (a) 

and cells exposed in a FIB cut (b). 

a) b) 

b) 
a) 
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Figure S10: STEM images reveal mechanical artefact caused by the sectioning in the ultra-

microtome, the arrow indicates particles outside of vesicular bodies. 

 

Figure S11: Cathodoluminescence intensity as a function of electron beam (5 kV) exposure time. 

a) b) 
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ABSTRACT 

The mechanistic understanding of structure-function relationships in biological systems heavily 

relies on imaging. While fluorescence microscopy allows the study of specific proteins following 

their labelling with fluorophores, electron microscopy enables holistic ultrastructural analysis 

based on differences in electron density. To identify specific proteins in electron microscopy, 

immunogold labelling has become the method of choice. However, the distinction of 

immunogold-based protein-labels from naturally occurring electron dense granules, and the 

identification of several different proteins in the same sample remains challenging. Correlative 

cathodoluminescence electron microscopy (CCLEM) bioimaging has recently been suggested to 

provide an attractive alternative based on labels emitting characteristic light. While luminescence 

excitation by an electron beam enables sub-diffraction imaging, structural damage to the sample 

by high energy electrons has been identified as potential obstacle. 

Here, we investigate the feasibility of various commonly used luminescent labels for CCLEM 

bioimaging. We demonstrate that organic fluorophores and semiconductor quantum dots suffer 

from a considerable loss of emission intensity, even when using moderate beam voltages (2 kV) 

and currents (0.4 nA). Rare-earth (RE) element doped nanocrystals, in particular Y2O3:Tb
3+ 

and 

YVO4:Bi
3+

,Eu
3+

 nanoparticles with green and orange-red emission, respectively, feature 

remarkably high brightness and stability in the CCLEM bioimaging setting. We further illustrate 

how these nanocrystals can be readily differentiated from morphologically similar naturally 

occurring dense granules based on optical emission, making them attractive nanoparticle core 

materials for molecular labelling and (multi-)colour CCLEM. 
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3.1 Introduction 

Biological systems are enormously complex and our understanding of them relies on the ability to 

examine relationships between structure and function at various levels of resolution, and within a 

functionally correlated context.
109

 In recent years, correlative light and electron microscopy 

(CLEM)
111

 has gained increasing importance as it combines imaging based on fluorescent labels 

and ultrastructural analysis by electron microscopy. However, the resolution mismatch
20

 between 

the optical and the electron signal constitutes a major obstacle.
100

 While recent developments in 

super-resolution microscopy techniques have enabled fascinating sub-diffraction fluorescence 

imaging,
7,8,27

 direct combination with electron microscopy remains challenging due to differences 

in sample preparation requirements.
123

 Recently, the use of (multi-)colour correlative 

cathodoluminescence electron microscopy (CCLEM) for the analysis of biological samples has 

been proposed by us
39

 and others.
56,57,62,85

 Cathodoluminescence (CL) is generated by an electron 

beam, which can be focused down to a few nanometers, thereby enabling luminescence data 

acquisition with deep-subwavelength spatial resolution.
37,38

 CL spectra can be acquired across a 

wide spectral range and thus open the possibility of (multi-)colour imaging, which in turn allows 

identification of structures directly based on spectral signatures rather than electron density (as in 

the case of immunogold labelling). Because CL emission from organic materials, including most 

biological tissues, is usually low, the use of exogenous luminescent labels has been suggested for 

CCLEM.
98

 However, the electron beam used for the excitation of the luminescent probes is 

potentially damaging to the biological samples
58

 and the labels themselves.
55

 

Here, we investigate the feasibility of different luminescent labels for cathodoluminescence 

bioimaging. We report on the optical properties of a selection of luminescent labels with wide-

spread adoption in biological imaging in a photoluminescence (PL, excitation by photons) and a 

cathodoluminescence (excitation by accelerated electrons) bioimaging setting. Additionally, we 

show how inherent properties of the label (stability, brightness and emission lifetimes) and the 

electron beam characteristics (acceleration voltage and current) affect CL data quality, and we 

identify optimal settings for high-resolution CCLEM bioimaging. We then demonstrate that ultra-

bright rare-earth (RE) element doped nanocrystals can be used for nanometric CCLEM 

bioimaging at low electron acceleration voltages (≤ 2 kV). High-resolution CCLEM allows 

straightforward differentiation between naturally occurring dense granules and nanocrystals, 

which is pivotal for prospective molecular labelling applications.  
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3.2 Experimental 

3.2.1 Materials 

2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI), poly(9,9-di-n-

dodecylfluorenyl-2,7-diyl (conjugated polymer), CdTe and CdSe/CdS semiconductor quantum 

dots were purchased from Sigma Aldrich.  

3.2.2 Nanoparticle synthesis 

 Y0.7Eu0.1Bi0.2VO4 (also YVO4:Bi
3+

,Eu
3+

) and monoclinic yttrium oxide nanoparticles were 

synthesized by flame spray pyrolysis (FSP) according to Spyrogianni et al.
68

 and Sotiriou et al. 
124

 

Briefly, for YVO4:Bi
3+

,Eu
3+

synthesis Y, V, Eu and Bi precursors were added in stoichiometric 

quantities into the solvent mixture (2-ethylhexanoic acid and acetic anhydride at 2:1 volume 

ratio), keeping the total metal concentration constant at 0.4 M. First, the V and Eu precursors were 

added in the solvent mixture and stirred under reflux for 3 h at 100 °C.
125

 The Y and Bi precursors 

were dissolved in the solvent mixture at room temperature and fed to a water-cooled spray nozzle, 

dispersed by O2 (with approximately 1.5 bar pressure drop at the nozzle tip), ignited by a 

premixed CH4/O2 (1.5 L min
-1

 / 3.2 L min
-1

) supporting flame and sheathed by 40 L min
-1

 O2 in a 

previously described enclosed FSP reactor.
126

 The produced powder was collected on a filter 

placed downstream of the flame. 

For synthesis of monoclinic Y2O3 nanoparticles, yttrium nitrate (Aldrich, 99.9%) was dissolved in 

a 1/1 (by volume) mixture of 2-ethylhexanoic acid and ethanol keeping the metal concentration 

constant at 0.5 M. Terbium nitrate (Aldrich, 99.9%) was dissolved in the above solution. This 

precursor solution was fed into the spray nozzle at a volumetric flow rate of 5 mL min
-1

 and 

dispersed by 5 L min
-1

 of O2. Again, the synthesized nanoparticles were collected in the dry state 

on a filter, which was placed downstream of the flame. 

3.2.3 Nanoparticle characterization 

Transmission electron microscope (TEM) images of RE
3+

 element doped nanoparticles were 

obtained by dispersing the particles with the aid of ultrasonication bath in ethanol and added 10 

μL of the resulting suspension to a Formvar copper mesh (Electron Microscopy Science, Lucerna-

Chem AG, Lucerne, Switzerland). After drying, the grid was imaged using JEOL 2200 TEM with 

200 kV acceleration voltage. X-Ray Diffraction (XRD) patterns were recorded with a Bruker D8 

advance diffractometer (40 kV, 40 mA, CuKα radiation). 
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3.2.4 Optical characterization 

Photoluminescence excitation and emission spectra were acquired using Horiba Fluoromax Plus 

Spectrometer. All the acquisition parameters are listed in the Table S1. 

Table S1: PL excitation and emission spectra acquisition parameters 

3.2.5 Luminescence emission stability, environment-dependent emission and 

lifetime measurements 

 Laser-stimulated PL stability and its gas response measurements were carried out by using a 

customized setup, where the sample was placed inside a gas-tight optically accessible chamber 

(Linkam THMS350V).  

3.2.5.1 Stability 

In the spectral stability measurements, a frequency-quadrupled Nd:YAG laser (266 nm, 1.53 mW) 

was focused on the RE
3+

 doped nanocrystals (spot size ~1 mm
2
) for excitation. For more efficient 

excitation of organic fluorophores and semiconductor quantum dots a frequency-tripled Nd:YAG 

laser (355 nm, 47 mW) was focused on the samples (spot size ~1 mm
2
). The emitted PL was 

collected in backscattering configuration by an Andor SR303i spectrometer equipped with an 

Andor ICCD camera (iStar DH320T-18H-13).  

3.2.5.2 Environment-dependent luminescence emission  

In the gas response measurements, a frequency-tripled Nd:YAG laser (355 nm, 47 mW) was 

focused on the samples (spot size ~1 mm
2
) for excitation. Mass-flow controllers were used to 

achieve a constant flow (200 cm
3
 min

−1
) of pure oxygen or nitrogen (purity 99.999%) through the 

chamber. The emitted PL was collected in backscattering configuration by an Andor SR303i 

spectrometer equipped with an Andor ICCD camera (iStar DH320T-18H-13). 

Sample 

Excitation spectrum 

acquisition wavelength 

(nm) 

Emission spectrum 

acquisition wavelength (nm) 

DAPI 480 370 

Conjugated polymer 463 260 

CdTe QDs 520 435 

CdSe/CdS QDs 619 405 

Y2O3:Tb
3+

 nanocrystals 542 279 

YVO4:Bi
3+

,Eu
3+

 nanocrystals 612 365 
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3.2.5.3 Lifetime measurements 

The PL decay kinetics for RE
3+

 doped nanocrystals were excited using an Ekspla NT340 series 

nanosecond pulsed optical parametric oscillator. The emitted PL was collected in backscattering 

configuration by an Andor SR303i spectrometer equipped with an Andor ICCD camera (iStar 

DH320T-18H-13) and Hamamatsu H8259 photomultiplier tube. The time resolution in the PL 

decay kinetics measurements was 100 ns. The PL decay kinetics of DAPI was measured with a 

Horiba Delta Pro system, using the NanoLED-370 with excitation wavelength of 366 nm and a 

pulse duration <1.4 ns. 

3.2.6 Raman analysis 

 Raman spectra were recorded by using a Renishaw inVia micro-Raman spectrometer (spectral 

resolution 2 cm
−1

) employing the 514 nm line of an argon-ion laser for excitation and a 50× 

objective for focusing of the laser beam and collecting the backscattered Raman signal. 

3.2.7 Monte Carlo simulations 

Electron beam interaction volume simulations were carried out using Casino (version 3.3) 

software.
127

 Trajectories of 1000 electrons were simulated for the interaction volume, using 10 nm 

electron beam diameter and 0.4 nA beam current. The elemental composition of the sample was 

set according to Hennig et.al.
128

 (atomic fractionsEPON812: C 0.35, O 0.12, H 0.53, ρEPON812 = 1.22 

g/cm
3
; atomic fractionsEPON812-Os: C 0.325, O 0.112, H 0.493, and Os 0.07, ρEPON812-Os= 2.7173 

g/cm
3
).  

Monte Carlo simulations for electron surface tracking and energy deposition were done by using 

the GEANT4 (version 10.3.) simulation toolkit through TOPAS (version 3.1.p3).
129

 The 

geometric setup was a simple 4 x 4 x 4 µm box with one half consisting of vacuum and the other 

half consisting of Epoxy resin with the material specifications listed above. The mean excitation 

energy was calculated to be 279 eV for EPON812-OS using the relations from Berger and Seltzer 

(1964) for the mean ionization potential of the elements and Bragg's additivity rule.
130

 10
5
 

electrons were simulated within a 10 nm wide circular beam with Gaussian beam profile having a 

2 nm spread. The energy spread is minimized to 0.05% of the beam energy. Calculations are done 

using the EM standard option4 constructor, designed as a collection of the most accurate Geant4 

EM models for low energies
131

 and the EM standard SS physics list, which has been shown to 

reproduce very well electron backscattering data in low and high energy regions (> 0.1 keV).
132

 

Ionizations are handled by the Penelope model. The Auger flag was turned on. The step size was 

set to maximum 1 nm and the default low energy limit to 100 eV. Analysis of the electron surface 

current is done using MATLAB R2018a. For dose deposition profiles, the epoxy resin was 
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modeled as a cylinder with 1000 nm radius instead of a box. Radial binning was 5 nm, while the 

depth binning was 50 nm for 5 keV and 100 nm for 10 keV electron energies.  

3.2.8 Cathodoluminescence brightness, stability, reversibility, and charging 

measurements 

All the cathodoluminescence measurements were done using FEI Helios 660 G3 UC Focused Ion 

Beam (FIB)/SEM system equipped with Delmic SPARC cathodoluminescence detection system 

operated in spectroscopic mode (Andor Shamrock 193 Spectrograph). All samples were measured 

in a bulk state.  

3.2.8.1 Stability  

Acceleration voltage and dwell time were always kept at 2 kV and 100 ns, respectively, however, 

beam current and spectrometer integration time varied from sample to sample due to significantly 

different sample brightness. All the acquisition parameters for CL spectra and stability are 

displayed in Table S2. At least 3 independent measurement areas (100 µm
2
) were monitored and 

the CL emission spectra were collected using a python script. The intensity was monitored on 

each time point. All the results were then normalized to the 0 s time point and the obtained results 

were averaged between the independent measurement areas. 

Table S2: CL emission spectra and stability acquisition parameters 

Sample 
Acceleration 

voltage (kV) 

Beam current 

(nA) 

Spectrometer 

integration time 

(s) 

DAPI 2 0.8 2 

Conjugated polymer 2 0.8 2 

CdTe quantum dots 2 0.4 2 

CdSe/CdS quantum dots 2 0.8 2 

Y2O3:Tb
3+

 nanocrystals 2 0.4 0.8 

YVO4:Bi
3+

,Eu
3+

 nanocrystals 2 0.4 0.8 

Due to the significant differences in brightness, the electron beam current was set as low as possible to 

still obtain enough CL signal. 

3.2.8.2 Brightness 

For brightness measurements, three independent measurements were collected using the indicated 

parameters in Table S2. The results were averaged, and standard deviations were calculated. All 

the results were normalized to spectrometer integration time and electron beam current. It is 
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important to note that YVO4:Bi
3+

,Eu
3+

 nanoparticles reached detector saturation while measuring 

the intensity.  

3.2.8.3 Reversibility 

 The reversibility was measured on CdTe quantum dots, monoclinic Y2O3:Tb
3+

 and tetragonal 

YVO4:Bi
3+

,Eu
3+

 nanocrystals. Bulk samples were attached to SEM pins and characteristic 

morphological features were used as fiducial marks. The same acquisition parameters were used 

as listed in Table S2. 100 µm
2
 measurement area was irradiated and maximum intensity was 

monitored at each time point. Then, stage movement in SEM was disabled and the chamber was 

vented in order to ground the sample. After pumping, the same area was irradiated again and 

maximum intensity was monitored. Following the measurements, secondary electron images (1 

kV, 0.1 nA) were acquired using ETD detector from the irradiated surfaces. 

3.2.8.4 Saturation  

The saturation measurements were carried out on RE
3+

 doped nanocrystals by monitoring CL 

emission intensity at different electron beam currents (200 pA – 50 nA) at 2 kV acceleration 

voltage. Please note that Y2O3:Tb
3+

 nanocrystals saturated the detector and therefore the studied 

range was smaller (200 pA -6.4 nA).  

3.2.9 Bioimaging 

Human vascular endothelial cells were isolated from the umbilical cord according to Baudin et 

al.
133

 The project was approved by the local ethics committee (EKSG 10/078). Cells were cultured 

on gelatine (1 % porcine gelatine) coated tissue culture flask using umbilical cord M199 medium 

supplemented with 20% FCS (Sigma, F9665), 1% L-glutamine (Sigma, 59202C), sodium 

pyruvate (Sigma, S8636), penicillin-streptomycin-neomycin (Sigma, P4083), non-essential amino 

acids (Sigma, M7145), and 1.5% sodium bicarbonate (Sigma, S8761). Heparin (Sigma, H3393) 

and endothelial cell growth supplement (BD Biosciences, 354006) were freshly added to the flask 

after each splitting. The cells were sub-cultured every fourth day and grown to 75% confluence.  

3.2.9.1 Fluorescence microscopy bioimaging 

For fluorescence microscopy experiments, cells were seeded on previously cross-linked gelatine 

coated glass cover slips at density of 22 600 cells/cm
2
 in full cell culture medium and left to attach 

for 24 hours. Next, cells were incubated with YVO4:Bi
3+

,Eu
3+

 nanocrystals (50 μg for 100 000 

cells) for 24 hours in fresh full cell culture medium. Then, cells were gently washed with pre-

warmed sterile PBS and fixed with 4% methanol-free paraformaldehyde (PFA) and 0.1% Triton 

X-100 (Sigma-Aldrich, T8787) solution for 20 minutes. Then, cells were thoroughly washed 3 

times 5 minutes with ddH2O and the cytoskeleton was stained with Alexa 488 Phalloidin 

(Invitrogen, A12379, staining solution: 10μL stock to 1 ml ddH2O) and the nuclei were stained 
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with DRAQ5 (Abcam, ab108410, staining solution: 1 μL stock to 1 ml ddH2O). After 1h 

incubation, the cells were washed 5 times with ddH2O for 5 minutes. The cover slips were 

mounted on a glass slide using Mowiol 4-88. The samples were imaged using DMI6000B Leica 

inverted microscope in fluorescence mode (for nanoparticles excitation of 360±40 nm, emission 

of 620±60 nm; DRAQ5 excitation of 640±30 nm, emission of 690±50 nm; Alexa 488 Phalloidin 

excitation of 495±25 nm, emission of 537±29 nm). Images were post-processed with Fiji 

software.
134

  

3.2.9.2 Electron microscopy on biological samples 

For electron microscopy experiments, cells were seeded on gelatine coated flask 14 000 cells/cm
2
 

in full cell culture medium and left to attach for 48 hours. Next, the cells were incubated with 

YVO4:Bi
3+

,Eu
3+

 and Y2O3:Tb
3+

 nanocrystals (50 μg for 100 000 cells) for 24 hours in fresh full 

cell culture medium. Then, cells were gently washed with pre-warmed PBS, trypsinized and fixed 

with 4% methanol-free paraformaldehyde (PFA) overnight in the fridge. The pellets were then 

washed with ddH2O (3x) and cacodylate buffer (0.1 M) (3x) and stained with 2% osmium 

tetroxide and 1.5% potassium ferricyanide for 1 hour. Pellets were washed with ddH2O, then 

gradually dehydrated using an ethanol gradient (20%, 40%, 50%, 60 %, 70%, 80%, 90%, 95%, 

100% (3x)) and embedded in epoxy resin (EPON 812), according to procedures described in the 

manufacturer’s protocol. Resin blocks were cured in the oven for 72 hours and trimmed with a 

glass knife. Resin-blocks were sputter-coated with gold/platinum layer and the sides were 

polished with FEI Helios 660 G3 UC Focused Ion Beam (FIB)/SEM system operating the focused 

gallium ion beam at 30 kV and varying the beam currents between 47 nA to 2.5 nA. Exposed cells 

were then imaged using an in-lens backscattering and secondary electron detector, using 3 kV 

acceleration voltage and 0.1 nA beam current. Cathodoluminescence images were acquired using 

a Delmic SPARC detection system operated in the intensity imaging mode. Cathodoluminescence 

images of human vascular endothelial cells with YVO4:Bi
3+

,Eu
3+

 nanoparticles were acquired 

using 2 kV acceleration voltage, 0.4 nA beam current, and 1 ms dwell time. Cathodoluminescence 

images of human vascular endothelial cells with Y2O3:Tb
3+

 nanoparticles were acquired using 3 

kV acceleration voltage, 0.4 nA beam current, and 5 ms dwell time. Spectral filters with centre 

wavelength of 550/50 nm for Y2O3:Tb
3+

 and 600/50 nm for YVO4:Bi
3+

,Eu
3+

 nanocrystals were 

placed in the front of the photomultiplier (intensity detector), to collect only luminescence from 

RE
3+

 related transitions. The images were aligned using Adobe Photoshop and Fiji software.
134

 

Human vascular endothelial cells incubated with YVO4:Bi
3+

,Eu
3+

 nanocrystals were imaged with 

different acceleration voltages. The CL images were acquired from a 5x5 µm area with 512x512 

px resolution. The images were acquired with constant beam current (0.4 nA) and dwell time (1 

ms) and only altering the acceleration voltage between 1 kV, 2 kV, 5 kV and 10 kV. The line 

profiles for CL and SE signals were acquired from the same region (using the ROI tool) with Line 
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tool in Fiji software using line width of 10. The Spearman correlation coefficient was calculated 

in GraphPad Prism 6. 

We computed (MATLAB R2018a) the 2-D correlation coefficients between the CL and SE 

images of YVO4:Bi
3+

,Eu
3+

 nanocrystal-containing human vascular endothelial cells measured at 2 

kV, 5 kV, and 10 kV, respectively, in order to investigate the quality of the CL images obtained at 

different acceleration voltages. For SE images are modified using a binary mask that is built by 

applying a 2-D Gaussian kernel (with standard deviation of 8) to the original image followed by 

the Otsu binarization method. All the images are then smoothed using a 2-D Gaussian kernel with 

standard deviation of 2. 

Energy-dispersive X-ray maps were acquired using the same FEI Helios 660 G3 UC Focused Ion 

Beam (FIB)/SEM system, which is also equipped with an Oxford Instruments X-Max 150 EDX 

detector. The mapping of region of interest was done with 10 kV acceleration voltage, 0.4 nA 

beam current, and 100 μs dwell time. The resolution of acquired maps was 256x256 pixels. 

3.3 Results and discussion 

The labels investigated in the present study include the widely used organic fluorophore 4'-6-

diamidino-2-phenylindole (DAPI), conjugated polymer-based quantum dots (CPN), 

semiconductor quantum dots (CdTe and CdSe/CdS), and two types of RE
3+

 doped nanocrystals 

(Y2O3:Tb
3+

 and YVO4:Bi
3+

,Eu
3+

), which have previously been employed for photoluminescence 

bioimaging (Figure 1a,b; see Appendix, Figure S1 for structures, Figure S2 for corresponding 

photo-excitation and emission spectra, Table S1 for PL spectra acquisition parameters, and Figure 

S3 for RE
3+

 doped nanocrystals phase identification).
68,124,135

 While the organic fluorophores 

exhibit broad emission, the rare-earth element doped nanocrystals present narrow emission lines 

with main emission peaks in the green (545 nm, Y2O3:Tb
3+

) and the orange-red spectral region 

(620 nm, YVO4:Bi
3+

,Eu
3+

) (see Appendix, Figure S2). Both organic labels (DAPI and CPN) show 

rapid bleaching under laser excitation, and the luminescence emission intensity decreased by more 

than 40% within the first three minutes of illumination (corresponding to a dose of 360 J/cm
2
) 

(Figure 1c). Such photo bleaching of organic molecules is well-known from fluorescence 

microscopy and has been attributed to structural damage to the organic molecules.
136,137

 CdTe and 

CdSe/CdS semiconductor quantum dots on the other hand show a moderate reduction in 

luminescence intensity of ~25% and 10%, respectively. Both RE
3+

 doped nanocrystals present 

fluorescence emission stability over time superior to the other labels investigated, in line with 

previous fluorescence imaging studies.
68,135

 While YVO4:Bi
3+

,Eu
3+

 nanoparticles showed stable 

luminescence emission over the full duration of the experiment (15 mins), Y2O3:Tb
3+

 nanocrystals 
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presented a minor increase in the luminescence emission intensity, which can be attributed to 

desorption of surface-bound oxygen species (see Appendix, Figure S4).
138

  

 

Figure 1: a) Transmission electron micrographs of the two synthesized RE
3+

 doped nanocrystals 

with optical emission in green and orange-red upon exposure to UV light (λex = 254 nm) (inserts). 

b) Fluorescence microscopy image of YVO4:Bi
3+

,Eu
3+

 nanocrystals (red) in human vascular 

endothelial cells. The cytoskeleton is stained with Alexa 488 Phalloidin (green) and the nucleus 

with DRAQ5 (magenta). Scale bar: 25 µm. c) Photoluminescence emission stability over time under 

laser excitation for the different labels. d) Cathodoluminescence emission spectra, e) brightness, 

and f) emission stability over time for all the corresponding labels. 

In addition to brightness and emission stability, short emission lifetimes are crucial for high-

resolution imaging in scanning mode. In case the emission lifetime is longer than the dwell time, 

image quality is strongly compromised by smearing.
63

 While the organic fluorophores and 

semiconductor quantum dots have short fluorescence lifetimes (e.g., 2.6 nanoseconds for DAPI, 

see Appendix, Figure S5),
83,139

 the RE
3+

 doped nanocrystals have emission lifetimes in the range 

of milliseconds
68,70

 (see Appendix, Figure S5). Based on the measured PL lifetimes, the dwell 
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times for imaging YVO4:Bi
3+

,Eu
3+

and Y2O3:Tb
3+

 nanocrystals should be no shorter than 1 and 5 

ms, respectively.
68,70

 Although the excitation mechanism for cathodoluminescence is comparable 

to photoluminescence,
37,50

 electron beam excitation generally leads to emission by all 

luminescence mechanisms present in the material, since the electrons act as a supercontinuum 

source
38

 and hence lifetimes measured in PL may be underestimating CL lifetimes.  

Using long dwell times is beneficial in terms of signal-to-noise (S/N) ratio, however, may cause 

structural damage to the fluorophore as well as specimen heating.
140

 While all of the above labels 

can be employed for PL bioimaging despite the observed bleaching, exposure to accelerated 

electrons is typically even more damaging.
58

 To quantify the label stability in a CL setting, we 

acquired sequential CL spectra (Figure 1d) using optimized beam parameters and monitored the 

cathodoluminescence intensity over time (see Appendix, Table S2 for data acquisition 

parameters). 

The beam parameters were optimized in order to retain nanometric resolution but still produce 

sufficient luminescence emission. The resolution is driven by the highly localized excitation, and 

is influenced by three factors: (i) the spot size of the electron beam, (ii) the spreading of the 

electrons of the primary beam in the sample (generation volume), and (iii) the diffusion of the 

generated secondary carriers in the sample.
50,51

 The electron beam spot size is mostly determined 

by the beam current (lower electron beam current leads to smaller spot size).
51

 At a given current, 

higher acceleration voltage leads to smaller spot size, however, also increases the electron beam 

interaction volume (see Appendix, Figure S6 for Monte Carlo simulations), which in turn 

increases CL generation volume and therefore reduces spatial resolution. Based on the 

simulations and experiments at different beam voltages as shown later on Figure 2, 2 kV was 

found to be optimal in terms of signal/noise ratio. At 2 kV, the brightness was more than 10 times 

higher for the RE
3+

 doped nanocrystals compared to the other labels (Figure 1e). The 

YVO4:Bi
3+

,Eu
3+

 nanocrystals showed the brightest emissions, followed by the Y2O3:Tb
3+

 

nanocrystals. While emission could be detected from all the labels investigated, both organic 

fluorophores bleached almost immediately under the electron beam excitation, even when using a 

2 kV electron beam and the lowest possible current where an emission could still be detected (0.8 

nA) (Figure 1f). DAPI and CPN lost around 80% of their initial emission intensity within the first 

10 s of beam exposure (equivalent to a dose of 0.04 nC/μm
2
). A decrease in CL emission 

intensities over time has been widely reported for organic molecules due to structural damage 

(degradation of the label) by the electron beam.
60

 While semiconductor quantum dots were more 

stable under electron excitation compared to organic materials, CdTe quantum dots showed 

reduced emission (- 40%) within the first 10 seconds and - 80% after 60 seconds (equivalent to a 

dose of 0.24 nC/μm
2
). Similarly, CdSe/CdS core/shell quantum dots also exhibited a significant 

drop (30% reduction) within the first 10 s (equivalent to a dose of 0.08 nC/μm
2
), however, after 



Chapter 3
 

 

47 

60 s (equivalent to a dose of 0.48 nC/μm
2
) 50% of the initial intensity was retained indicating that 

the composition and architecture of the semiconductor quantum dots plays an important role in 

their emission stability. A loss in CL emission intensities of quantum dots has been attributed to 

electron ionization and trapping in the quantum dot structure.
61

 Despite the wide-spread adoption 

of semiconductor quantum dots in fluorescence imaging, the limited brightness and electron beam 

stability restricts their utility in CL bioimaging settings.
37

 RE
3+

 doped nanocrystals on the other 

hand presented comparatively high electron beam stability. The drop in emission intensity within 

the first 10 seconds (equivalent to a dose of 0.04 nC/μm
2
) was 10 - 20%, showing total reduction 

of 40% after a dose of 0.48 nC/μm
2
 over 2 minutes. The minor loss in emission intensity observed 

for RE
3+

 doped nanocrystals may be attributed to the accumulation of active quenchers as 

indicated by the observed film (e.g., hydrocarbons, see Appendix, Figure S7, S8).
56,141

 No 

evidence in support of label degradation,
60,137

 thermal effects,
142

 CL emission saturation (see 

Appendix, Figure S9)
141

 or charge accumulation for RE
3+

 doped nanocrystals was found in our 

setting. Charging effects were ruled out by discharging experiments indicating only incomplete 

recovery of the CL emission signal after sample grounding (see Appendix, Figure S7).  

In order to further illustrate the feasibility of the nanocrystals for CCLEM bioimaging and 

especially high-resolution mapping, the different labels were incubated with human vascular 

endothelial cells, chemically fixed with formaldehyde and osmium tetroxide, embedded in epoxy 

resin, sectioned with a focused ion beam (FIB), and subsequently imaged with scanning electron 

microscope (SEM). For semiconductor quantum dot containing cells, no characteristic emission 

by the quantum dots could be detected (data not shown). Both RE
3+

 doped nanocrystals could be 

detected inside the osmium-stained cells based on backscattered electrons (BSE) (Figure 2a; see 

Appendix, Figure S10a,d) and the CL signal (using a photomultiplier tube) (Figure 2b-d; see 

Appendix, Figure 10b,e). 

The cells containing YVO4:Bi
3+

,Eu
3+

 nanocrystals were imaged using different acceleration 

voltages (1, 2, 5, and 10 kV, Figure 2b-d; see Appendix, Figure S11, S12). The corresponding 

secondary electron (SE) micrographs (see Appendix, Figure S11) present distinct differences in 

the interaction volume, resulting in less resolved features in the images acquired with higher 

acceleration voltages from the region of interest (ROI). The difference in the feature resolution is 

even more pronounced in CL maps (Figure 2b-d). The images acquired with 2 kV show well-

resolved features with good signal-to-noise ratio and high correlation between CL and SE images 

(Figure 2b,e; see Appendix, Figure S13), while the images collected with both 5 kV and 10 kV 

show blurry and non-resolvable features (Figure 2c-e). The acquired CL map from regions 

containing small nanocrystal clusters (see Appendix, Figure S14) indicates that emission can also 

be observed for the smallest nanoparticle features with a resolution similar to SE images and thus 

illustrates the potential of YVO4:Bi
3+

,Eu
3+

 nanocrystals for protein labelling studies. For the 
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YVO4:Bi
3+

,Eu
3+

 nanocrystals, it is even possible to obtain CL maps with acceleration voltages as 

low as 1 kV approaching a critical S/N ratio (see Appendix, Figure S12). These experimental 

results indicate a sub-diffraction resolution of < 100 nm for acceleration voltages of ≤ 2 kV and 

are in excellent agreement with Monte Carlo (MC) simulations in osmium-containing epoxy resin 

(see Appendix, Figure S6).
128

  

 

Figure 2: a) Backscattering image of YVO4:Bi
3+

,Eu
3+

 nanocrystal-containing human vascular 

endothelial cells in a focused ion beam cross-section showing electron dense particles and the 

cellular ultrastructure. The regions of interest for BSE, SE, and CL co-localization studies have 

been indicated (low magnification, α-α' and high magnification, β-β'). b-d) Corresponding CL 

images acquired with 2 kV, 5 kV, and 10 kV acceleration voltages indicating strong voltage 

dependence of the CL resolution. Scale bars: 1 µm. e) Line profiles of SE and CL signals with 

different acceleration voltages for low magnification (α-α', A) and high magnification (β-β', B) 

settings. The profiles obtained with low acceleration voltage show the highest correlation between 

SE, (BSE) and CL signals. 

The MC simulations illustrate that spatial resolution is strongly influenced by the interaction of 

the landing electrons and the sample. The CL generation volume in 7% osmium containing cells 

was approximated by simulating the electron penetration range as a function of acceleration 

voltage.
143

 Increased energy of the incident electrons leads to increased electron penetration depth 

(20, 60, 225, 700 nm for 1, 2, 5, 10 keV respectively) and maximum lateral spread (15, 40, 300, 

800 nm for 1, 2, 5, 10 keV respectively), which results in different electron energy loss profiles in 

the material (Appendix, Figure S6). 
143

 While low energy electrons (< 2 keV) mostly excite 

nanocrystals proximal to the surface, high energy electrons (5 and 10 keV) primarily interact with 

nanocrystals in deeper regions. 
144,145

 As a direct consequence, additional features appear whereas 

others more proximal to the surface disappear when imaging samples with 10 keV compared to 2 

keV electron beam (Figure 2b,e). At the same time, 5 and 10 keV electrons show broadening in 
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the lateral in-plane electron energy depth loss profile with increased depth (see Appendix, Figure 

S6c), explaining the progressive blurring of the CL signal with increased acceleration voltage 

(Figure 2c,d). These results illustrate necessity to reduce electron acceleration voltages to a 

minimum in a FIB/SEM setting using full-thickness epoxy embedded biological samples. While 

low beam energies are generally desirable, they come at the expense of lower signals (less energy 

transfer), introduction of surface effects (non-radiative decay may dominate) and high injection 

density, which may lead to saturation. As a consequence, both the acceleration voltage and the 

current should be reduced to a minimum, which in turn requires highly efficient (bright) CL 

labels, such as YVO4:Bi
3+

,Eu
3+

 nanocrystals which can be imaged at voltages as low as 1 kV and 

currents of ~ 0.4 nA.  

Following optimization of the imaging conditions for nanocrystal-containing epoxy-embedded 

cells, the cells were imaged with low electron acceleration voltage also in electron backscattering 

mode, which visualizes the cellular ultrastructure, including mitochondria, vesicular and nuclear 

membranes and various populations of dense particles (e.g., Figure 3a; see Appendix, Figure 

S10a,d, S15). Simultaneous acquisition of corresponding secondary electron images (Figure 3c; 

see Appendix, Figure S10c,f) and cathodoluminescence maps (Figure 3b; see Appendix, Figure 

S10b,e) indicates that not all electron-dense particle-like structures in BSE show emission in CL. 

In order to identify the underlying reason, corresponding secondary electron image (Figure 3d) 

and energy-dispersive X-ray (EDX) maps from the same region were recorded (Figure 3e, maps 

shown for the YVO4:Bi
3+

,Eu
3+

 nanocrystal-containing cells), which reveal that these dense 

nanocrystal-like structures are devoid of any rare-earth elements and are endogenous granules. 

Importantly, while EDX has a slightly smaller generation volume than CL for the same 

acceleration voltage, the minimum energy required for detection of elements with high atomic 

number, such as europium, in EDX is significantly higher (typically 5-15 kV) than for CL. 
102

 The 

comparison of the SE images recorded at the two respective voltages used for EDX (10 kV, 

Figure 3d) and CL (2 kV, Figure 3c) illustrates the difference in the probing depth of the EDX 

and CL mapping, translating into different spatial resolution. Therefore, due to the higher 

acceleration voltage needed for EDX, additional deep-lying features appear on the EDX map 

originating from a higher signal generation volume. The lower electron beam acceleration 

voltages needed for CL mapping and the corresponding smaller signal generation volume further 

illustrate the potential of CL-based high-resolution imaging compared to other competing 

techniques, especially in a FIB/SEM setting.  

Similar non-emitting granules could also be observed in samples containing Y2O3:Tb
3+

 

nanocrystals (see Appendix, Figure S10). In order to exclude quenching of the emitted photons by 

osmium-containing epoxy resin covering the nanocrystals, cross section containing Y2O3:Tb
3+

 

nanocrystals was polished with the focused ion beam and a thin (< 50 nm) layer was ablated. 
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Even after removing excess resin, the granules still did not emit any cathodoluminescence signal, 

indicating again that these are naturally occurring dense granules.  

 

Figure 3: a) Backscattering electron micrograph of YVO4:Bi
3+

,Eu
3+

 nanocrystal-containing human 

vascular endothelial cells and corresponding b) cathodoluminescence map and c) secondary 

electron (SE) image acquired with 2 kV. d) Secondary electron micrograph and corresponding e) 

EDX map from the region of interest acquired with 10 kV. Scale bars: 3 µm. The blue arrows 

indicate the features appearing in EDX mapping, which do not appear in CL maps due to the 

difference in probing depth. The dotted line in d) and e) corresponds to the CL acquisition area. 

Accumulations of non-emitting endogenous dense granules are indicated by green dashed lines, 

nanocrystals by purple dashed lines. 

In contrast to previous studies in FIB-cut samples, no charge-induced image distortion was 

observed with the used (low voltage) electron beam parameters, however, occasional charge-

induced drifting was observed when recording high magnification images. Nonetheless, the low 

energy beams were adequate to acquire sufficient signal from the ultra-bright RE
3+

 doped 

nanocrystals and therefore high-resolution CL tomography becomes attainable. 

3.4 Conclusions 

In conclusion, the present study demonstrates the prospects of green and orange-red RE
3+

 doped 

nanocrystals for nanometric (multi)colour correlative cathodoluminescence electron microscopy 
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bioimaging. In addition, with YVO4:Bi
3+

,Eu
3+

 we present a probe which can be imaged in PL 

using conventional fluorescent microscopes and at the same time shows remarkably high 

brightness and stability in the CL bioimaging electron microscopy setting. CL mapping provides a 

powerful high-resolution method to distinguish nanoparticle labels from endogenous dense 

granules, which otherwise cannot readily be differentiated because of their near-identical 

morphology and electron density. This study paves the way for future studies investigating CL-

based molecular labelling in 3D, following the development of adequate surface functionalization 

protocols. 
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3.6 Appendix 

 

Figure S1: Chemical structures of used fluorescent dye (DAPI) (a) and conjugated polymer (b). 

Crystal structure of commercially available semiconductor quantum dots (c,d).  

 

Figure S2: Photoluminescence excitation (a) and emission (b) spectra of all the corresponding 

labels.  

 

Figure S3: X-Ray Diffraction patterns of tetragonal YVO4:Bi
3+

,Eu
3+

 and monoclinic Y2O3:Tb
3+

 

nanocrystals (a). Raman spectra of tetragonal YVO4:Bi
3+

,Eu
3+

 and monoclinic Y2O3:Tb
3+

 

nanocrystals (b). The cubic Y2O3 impurity is marked with asterisk. 
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Figure S4: Luminescence emission intensity depending on gas atmosphere for Y2O3:Tb
3+

 (a) and 

YVO4:Bi
3+

,Eu
3+ 

(b) nanocrystals. 
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Figure S5. The luminescence emission lifetimes of the organic fluorophore (DAPI) and the two 

RE
3+

 doped nanocrystals. 
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Figure S6: a) Monte Carlo simulations on electron beam interaction volume with different 

acceleration voltages in 7% osmium containing Epon812. b) Electron density distribution in 

osmium containing Epon812. c) Penetration depth of electrons as well as average electron energy 

loss depth profile (left). Lateral (in-plane) average electron energy loss profile depending on the 

depth in the resin for 5 and 10 keV incident electrons (right). 
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Figure S7: Cathodoluminescence emission stability over time measured before and after 

discharging the surface (a). Y2O3:Tb
3+

 surface before (b) and after (c) the reversibility experiments. 

The accumulation of active hydrocarbon on the sample surface is clearly visible as a square in c). 

Scale bars: 10 μm 

 

 

Figure S8: a)-c) Secondary electron images of carbon film growth on the resin-embedded 

biosamples following the acquisition of a CL map. d) Corresponding backscattering electron 

micrograph of resin-embedded biosample. Scale bars: a) 5 µm, b)-d) 1 µm. 
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Figure S9: Cathodoluminescence intensity of RE
3+

 doped nanocrystals as a function of electron 

beam current (performed at 2 kV). The inset shows more precisely the low electron beam current 

region and the linear dependence of the signal. 

 

 

Figure S10: Backscattering images (a,d) of two consecutive FIB cuts from human vascular 

endothelial cells containing Y2O3:Tb
3+

 nanocrystals, corresponding CL maps (b,e) and SE images 

(c,f). Scale bars: 1 µm. Accumulation of non-emitting endogenous dense granules are indicated by 

red dashed lines, nanocrystals by yellow dashed lines.  

 

Figure S11: Secondary electron micrographs acquired with 2 kV (d), 5 kV (e), and 10 kV (f). Scale 

bars: 1 µm. 
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Figure S12: Backscattering image (a) of human vascular endothelial cells containing 

YVO4:Bi
3+

,Eu
3+

 nanocrystals, SE image (b) and corresponding CL map (c) acquired with 1 kV 

acceleration voltage. Scale bars: 1 µm. 

 

Figure S13: a-c) CL and SE images of YVO4:Bi
3+

,Eu
3+

 nanocrystal-containing human vascular 

endothelial cells measured at 2 kV, 5 kV, and 10 kV, respectively. Scale bars: 1 µm. Calculated 2-D 

cross-correlations between the SE and CL images are 0.74, 0.70, and 0.53 for 2 kV, 5 kV, and 10 

kV, respectively. d-e) Surface plots of the normalized brightness of CL and SE images in the red 

rectangle areas shown in the corresponding figures a and c. While CL 2kV image has a high cross-

correlation with the SE 2 kV image, the resolution of CL 10 kV image deteriorates substantially 

such that its cross-correlation with the SE 10 kV image decreases to only 0.53. This can also be 

seen from the surface plot of normalized brightness. 
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Figure S14: a) Backscattering image of human vascular endothelial cells containing 

YVO4:Bi
3+

,Eu
3+

 nanocrystals, b) SE image and corresponding c) CL map, acquired with 2 kV 

acceleration voltage, showing CL emission also from the smallest nanocrystal features contained in 

the sample. The nude circles indicate small nanocrystal clusters with detectable CL emission. Note 

the slight differences in particle distribution between the BSE and SE image due to the different 

signal generation volumes. Scale bars: 2 µm.  

 

Figure S15: Full-sized backscattering images of human vascular endothelial cells containing 

YVO4:Bi
3+

,Eu
3+

 nanocrystals acquired from voltage dependence experimental region (a) and from 

1 kV experimental region (b). Scale bars: 1 µm. 



 
 

 

59 

Chapter 4  

Correlative Cathodoluminescence 

Electron Microscopy: Rare-Earth 
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ABSTRACT 

The understanding of living systems and their building blocks relies heavily on the assessment of 

structure-function relationships at the nanoscale. The development of the first electron microscope 

and with it the access to information at the nanoscale has prompted numerous disruptive 

discoveries. Although electron microscopy gives access to ultrastructural imaging with 

nanometric resolution, it generally does not provide information about the location of specific 

molecules. The labelling of specific structures using small gold nanoparticles (i.e. immunogold) 

has become a well-established method for protein localization studies. However, identification of 

specific entities solely based on the electron density of the gold labels, the limitations regarding to 

the labelling of multiple epitopes, and the differentiation from morphologically similar 

endogenous dense granules (e.g., glycogen) remain major shortcomings. Recently, the use of 

correlative cathodoluminescence electron microscopy (CCLEM) imaging based on luminescent 

inorganic nanocrystals has been proposed. Cathodoluminescence (CL) spectroscopy enables 

characterization of the optical properties of a sample with deep-subwavelength spatial resolution.  

Here, we present cathodoluminescence-enabled colour immunolabelling (immunoCCLEM) based 

on rare-earth element doped nanocrystals (Tb
3+

 doped YPO4) which emit bright green light in 

response to electron beam interaction. We demonstrate single nanocrystal emission and specific 

targeting of folate receptors on cancer cells. This first-in-field demonstration of rare-earth doped 

nanocrystals based specific immunotargeting applications in CCLEM paves the way for 

nanocrystal-based multi-colour labelling of multiple proteins directly in the electron microscopy 

setting, giving access to protein localization studies in context of the full cellular ultrastructure. 
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4.1 Introduction 

Understanding the structure-function relationships remains a key pillar of modern biology and 

medical research. Ever since the development of the first microscopes, microscopy has enabled 

significant discoveries by contributing to the unravelling of pathophysiological mechanisms and 

the understanding of life in general. Optical and electron microscopes have become indispensable 

instruments in biomedical research. Optical microscopy, and fluorescence microscopy in 

particular, is widely adopted by biologists to gain functional insights. The (specific) labelling of 

subcellular entities (such as membranes, nucleic acids or proteins) has become a powerful 

technique to identify certain structures and to observe cellular processes in a functional setting. 

However, the precise localization of proteins cannot be fully resolved because the spatial 

resolution is limited by the diffraction limit of light (~ λ/2, typically > 250 nm) and the majority 

of the molecules stay unlabelled.
1,18

 Considerable effort has been put into the development of 

super-resolution techniques, including stimulated emission depletion (STED),
8,27

 structured 

illumination microscopy (SIM)
7
 and stochastic optical reconstruction microscopy (STORM).

110
 

While the aforementioned methods allow imaging beyond the diffraction limit, they require 

sophisticated sample preparation and image reconstruction.
15

  

Despite fascinating advances in the field of super resolution optical microscopy, electron 

microscopy remains to be the method of choice for the analysis of biological ultrastructure, giving 

access to spatial resolution of a few nanometers. Additionally, electron microscopy (EM) allows 

identification of structural components in an unbiased way as, unlike fluorescence microscopy, it 

does not rely on labelling in order to visualize structures. However, localization of a particular 

entity, such as a specific protein, poses also challenges for electron microscopy and requires 

specific labelling.
18

 Immunogold labelling
146-148

 has gained significant interest in the past 50 years 

and is now a widely adopted method in transmission electron microscopy (TEM),
147

 as well as in 

scanning electron microscopy (SEM).
149

 Electron-dense materials, i.e. gold and quantum dots, 

give good contrast relative to carbon-based materials.
18,100

 However, the method has drawbacks, 

as the identification of the tiny gold nanoparticles in biological samples is non-trivial, especially if 

the biological specimen contains endogenous electron-dense granules similar in size, such as 

glycogen.
23,122

 Also, co-localization studies, i.e. simultaneous observation of two epitopes, require 

differently sized gold nanoparticles, which may in turn have different diffusivities and thus 

different labelling efficiencies.
147

  

Interestingly, specific protein labels could also be identified based on specific optical emission, 

leveraging a phenomenon known as cathodoluminescence (CL). Cathodoluminescence is 

generated by accelerated electrons upon interaction with the matter. The obtained optical signal, 

collected directly in the electron microscope, attains sub-diffraction limit resolution upon 
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optimization of electron beam parameters. As the signal is directly collected in the electron 

microscope, it allows simultaneous acquisition of secondary and backscattering electrons, giving 

access to sample composition, morphology and optical properties. While generally appealing due 

to the high spatial resolution and its straightforwardness, correlative cathodoluminescence 

electron microscopy (CCLEM) is not widely adopted in bioimaging field, due to limited 

availability of suitable protein labels,
98

 as most common fluorescence microscopy labels are 

unsuitable for CCLEM due to their limited electron beam stability and emission brightness.
42,59

 

Therefore, novel light-emitting protein tags must be developed. Desired CCLEM labels should be 

in the size of a typical protein (<< 100 nm)
4
 and exhibit ultrahigh emission stability and 

brightness. Recently, nanodiamonds have been presented as attractive candidates for CCLEM 

immunolabelling especially due to their cytocompatibility, stable CL emission and multimodal 

imaging capabilities.
47,65,67

 The emission mainly originates from nitrogen vacancies
47

 and hence is 

strongly dependent on their size.
47,150

 Small nanodiamonds contain fewer emission centres as well 

as are more affected by the surface quenchers.
45,47

 Despite promising initial applications, the 

observation that only a fraction of nanodiamonds emits is a major drawback for the 

aforementioned prospective immunolabelling applications.
47

 Alternatively, rare-earth element 

(REE) based nanocrystals have been proposed as potential protein labels, as they exhibit bright 

emission and have high electron beam stability.
42,62

 Small rare-earth element based nanocrystals 

can be engineered to exhibit bright and stable cathodoluminescence emission, overcoming the 

main limitation of nanodiamonds.
42,62

 Prigozhin et al. most recently demonstrated REE based 

nanocrystals with impressive nine different colours, however, these particles were only 

dispersible in organic solvents and therefore not readily available for biological labelling 

applications.
62

 While first steps towards CCLEM based immunolabelling have been undertaken 

using nanodiamonds,
47

 labelling along with appropriate blocking of binding sites and 

confirmation of labelling specificity has yet to be demonstrated.  

Herein, we report on the use of rare-earth element doped inorganic nanocrystals functionalized 

with folic acid (FA) for the specific labelling of folate receptors on the surface of folic acid 

positive cancer cells.  

4.2 Experimental 

4.2.1 Materials 

Yttrium (III) nitrate tetrahydrate (Y(NO3)3·4H2O, 99.99%), terbium (III) nitrate pentahydrate 

(Tb(NO3)3·5H2O, 99.9%), ethylene glycol (HOCH2CH2 OH, ≥ 99%),(3-

Aminopropyl)triethoxysilane (APTES) (H2N(CH2)3Si(OC2H5)3, > 99%), folic acid (FA) 

(C19H19N7O6, ≥ 97%), triethylamine ((C2H5)3N, ≥ 99%), dimethylsulfoxid (DMSO) ((CH3)2SO, 
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99.9%), and ammonia solution (NH3·H2O, 25%) were purchased from Sigma Aldrich. 

Orthophosporic acid (H3PO4, ≥ 85%), N-Hydroxysuccinimide (NHS) (C4H5NO3, ≥ 97%) and 

ethanol (CH3CH2OH, ≥ 99.8%) are from Honeywell/Fluka. Anhydrous citric acid 

(HOC(COOH)(CH2COOH)2, ≥ 99%) was obtained from Riedel de Haen. 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide hydro-chloride (EDC) (C8H18ClN3, > 98%) from 

ABCR and FITC-PEG-FA, 3.4K from Biochempeg. 

4.2.2 Nanoparticles synthesis 

The synthetic procedure was adapted from Nunez et al.
151

 In the synthesis route, 4.75 mM yttrium 

(III) nitrate tetrahydrate and 0.25 mM terbium (III) nitrate pentahydrate were dissolved in 

ethylene glycol; keeping the dopant concentration around 5 mol%. 25 mM of citric acid was 

added to the solution as a chelating agent and mixed for 30 minutes. Lastly, 10 mM of H3PO4 was 

also added to the reaction mixture. The final solution was distributed to four 50 ml tubes and 

heated under vigorous stirring to 200 °C for 1.5 hours in the synthWAVE microwave reactor 

(MLS GmbH, Leutkirch, Germany). After the reaction, the samples were cooled to room 

temperature and centrifuged at 10 000 g for 30 min to isolate as-prepared nanoparticles 

(YPO4:Tb
3+

) from the supernatant. The nanoparticles were repeatedly washed with ethanol. A 

fraction of the particles was separated and washed three times with Milli-Q water for 

characterization. 

4.2.3 Surface functionalization 

Surface functionalization was performed in two consequent steps: first silane functionalization 

followed by folic acid functionalization. First, 120 mg of as-prepared YPO4 nanoparticles were 

functionalized with APTES according to the previous reports.
78

 Particles were dispersed in 420 ml 

ethanol and sonicated in the ultrasonication bath for one hour. Then 30 ml of 15% ammonia 

aqueous solution was added to the mixture and sonicated for another 15 minutes. After that, 1.2 

ml (5.18 mmol) of APTES was added dropwise to the reaction mixture under vigorous stirring 

and left to react for an hour at room temperature. Functionalized nanoparticles (YPO4:Tb
3+

-

APTES) were separated by centrifugation (10 000 g for 30 min) and washed at least three times 

with ethanol. A fraction was separated for characterization. 

APTES functionalized particles were further functionalized with FA using a modified protocol 

from Tagaya et al.
152

 1 g (2.266 mmol) of folic acid was dissolved in 26.6 ml of DMSO and 

mixed with 0.5 ml (3.587 mmol) of triethylamine. 0.52 g (4.518 mmol) N-hydroxysuccinimide 

(NHS) and 0.376 g (2.422 mmol) 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) were 

added to the solution and stirred for 18 hours in the dark to form FA-NHS (see ESI, Figure S1). 
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The resulting solution was vacuum-filtered to remove potential by-products (e.g., 

dicyclohexylurea). 100 mg of YPO4:Tb
3+

-APTES particles were added to the filtered solution and 

left to react overnight in the dark under stirring. The resulting nanoparticles (YPO4:Tb
3+

-FA) were 

centrifuged (10 000 g for 30 min) and thoroughly washed several times with DMSO and Milli-Q 

water. The washed particles were suspended in 10% DMSO solution and stored in the dark until 

further use. 

4.2.4 Nanoparticles characterization 

4.2.4.1 Transmission Electron Microscopy  

The size and morphology of YPO4:Tb
3+

 nanoparticles was assessed using a JEOL 2200 TEM with 

200 kV. The core size of as-prepared nanoparticles was manually measured through the 

nanoparticle centre by using line tool in Fiji software.
134

 

4.2.4.2 Cathodoluminescence Spectroscopy 

The CL emission spectrum of YPO4:Tb
3+

 nanoparticles was collected with a Delmic SPARC 

detection system using 15 kV acceleration voltage,3.2 nA electron beam current, 500 µm slit and 

5.5 seconds exposure time.  

4.2.4.3 Cathodoluminescence Imaging of Single Nanoparticles 

Unfunctionalized YPO4:Tb
3+

 nanoparticles were redispersed in ethanol and distributed on ultra-

flat silicon wafer (Ted Pella, Inc.). The nanoparticles were subsequently imaged using FEI Helios 

660 G3 UC FIB/SEM equipped with Delmic SPARC detection system operated at 10 kV 

acceleration voltage, 1.6 nA beam current and 3 ms dwell time (CL images: 2.5 µm x 2.5 µm, 

306x307 pixels, 600 nm filter). The images are post-processed using Fiji software.
134

 

4.2.4.4 Dynamic Light Scattering 

Hydrodynamic size was measured using the Zetasizer Nano ZS90 (Malvern Instruments Ltd., 

Worcestershire, United Kingdom) using 90 degree scattering angle. All the nanoparticles were 

diluted to 0.5 mg/ml in Milli-Q water. The resulting count rate was kept between 300 and 400 

kcps and the attenuator varied between 8 and 9. Prior to the experiment, the particles were 

suspended in Milli-Q water using an ultrasonication bath for 20 minutes. Every measuring cycle 

consisted of 3 replicate measurements. 

4.2.4.5 Energy Dispersive X-ray Spectroscopy (EDXS) 

The Energy Dispersive X-ray Spectroscopy was recorded on unfunctionalized and APTES 

functionalized particles using a Hitachi S-4800 scanning electron microscope (Hitachi High-

Technologies, Etobicoke, Canada) equipped with Inca X-sight device from Oxford Instruments 

detector at 20 kV and 15 µA (scanning area 100 x 100 µm). 
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4.2.4.6 Microelemental Analysis 

Carbon, hydrogen and nitrogen (CHN) content of the nanoparticles were measured using vario 

MICRO cube (Elementar) setup and calibrated with sulfanilamide. For each measurement, 2 mg 

of sample were pyrolized over 70 seconds. 

4.2.4.7 Fourier Transform Infra-Red Analysis 

FTIR was performed on Varian 640-IR spectrometer equipped with diamond attenuated total 

reflectance (ATR). The samples were analysed in powder form. Before each particle measurement 

the background spectrum was recorded and subtracted from the particle measurement. 

4.2.5 Inductively coupled plasma optical emission spectrometry 

Inductively coupled plasma optical emission spectrometry (ICP-OES) analysis (Agilent 5110, 

Santa Clara, CA, USA) was performed to confirm the composition of YPO4:Tb
3+

 nanoparticles. 2 

mg of vacuum dried nanoparticles (UHV, 24 h, 40 °C) were dissolved in 2 mL of ultrapure nitric 

acid (67%, Normatom, VWR Chemicals) and 1 mL of ultrapure hydrogen peroxide (Suprapur, 

Merck, Germany) with the aid of microwave digestion system (turboWAVE Inert, MLS GmbH, 

Leutkirch, Germany). The digested samples were diluted to 50 mL using Milli-Q water and 

additional 10-fold dilution using 2% HNO3 solution was performed to determine Y, Tb, and P 

content. 3 independent measurements (from independently-prepared stock suspensions) were 

performed. Calibration standards were prepared in 2% HNO3 from a multi-element calibration 

solution (Spetec-12, Inorganic Ventures). 

4.2.6 Cell culture conditions 

Human cervical cancer cells (HeLa cells, ATCC
® 

CCL-2™; Virginia, United States) were 

cultivated in Minimum Essential Medium Eagle (MEM, Sigma-Aldrich, M2279) containing 10% 

Fetal Calve Serum (FCS, Sigma-Aldrich, F9665), 1% Penicillin-Streptomycin-Neomycin (PSN, 

Sigma-Aldrich, P4083), 1% L-Glutamine (Sigma-Aldrich, G7513), 1% Non-Essential Amino 

Acids (NEAA, Sigma-Aldrich, M7145) and 1% Sodium pyruvate solution (Sigma-Aldrich, 

S8636). The cells were grown in an incubator at 37 °C in 5% CO2 atmosphere and were sub-

cultured on every fifth day when reaching 80% confluence. For experiments, cells were used up to 

passage 18. 

Human lung cells (A549, ATCC® CCL-185™) were cultured in Roswell Park Memorial Institute 

Medium (RPMI-1640, Sigma-Aldrich) containing 10% fetal bovine serum (FBS, Sigma-Aldrich) 

and 1% Penicillin-Streptomycin-Neomycin (PSN, Sigma-Aldrich, P4083) at 37°C in 5% CO2. 

Cells were sub-cultured every fifth day and grown to 75% confluence. 
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4.2.7 Flow cytometry – FITC conjugated FA 

Adherent HeLa and A549 cells were washed three times with pre-warmed phosphate buffered 

saline (PBS, Sigma-Aldrich, P3813), detached using Accutase (Innovative Cell Technologies, 

Inc.), washed once with pre-warmed PBS and fixed with 4% paraformaldehyde (PFA, Sigma-

Aldrich, P6148) in PBS for 30 minutes at room temperature, following a blocking with 5% BSA 

solution for 1 hour at room temperature. After additional washing with 0.5% BSA containing 

PBS, the cells were divided into 12 Eppendorf tubes (500’000 cells per tube). Three independent 

cell samples were analysed, namely untreated Hela cells, unblocked cells treated with 1 µM 

FITC-PEG-FA (Biochempeg, FL044057-3,4K) solution for 1 hour and folic acid blocked sample 

treated with 1 mM FA solution in bicarbonate buffer and then incubated with 1 µM Fluorescein-

PEG-Folic acid solution. All samples were washed three times with 0.5% BSA containing PBS 

and analysed using a Beckmann & Coulter Gallios TM Flow Cytometer (ungated 10’000 events). 

4.2.8 Folate receptor labelling 

Folate receptor targeting protocol was modified from immunogold manufacture’s protocol 

(AURION, Electron Microscopy Sciences pre-embedding protocol). 35’000 cells were left to 

attach onto sterile 12 mm glass cover slips overnight in the incubator. Next day, the cells were 

gently washed three times with pre-warmed PBS and then fixed with 4% PFA for 30 minutes at 

room temperature. After the fixation, the cells were washed three more times with PBS and 

incubated in 5% bovine serum albumin solution (BSA, Sigma-Aldrich, A1595) for one hour, 

followed by washing and incubation with a washing buffer (0.8% BSA and 0.1% gelatin from 

cold water fish skin (Sigma-Aldrich, G7765) in PBS) for 30 minutes. Half of the samples were 

incubated in free folic acid (Sigma-Aldrich, F8758) solution (dissolve 0.8 mg of folic acid in 40 

µl of DMSO and add 2 ml of PBS) for an hour, while the others were kept in the washing buffer. 

After the incubation with free folic acid, cells were washed once with 0.5% BSA containing PBS, 

following the treatment of all samples with 25 µg/ml YPO4:Tb
3+

-FA nanoparticles in 10% DMSO 

solution. After three hours of incubation, the samples were washed four times with the washing 

buffer and 0.5% BSA containing PBS. The samples were fixed with 2% glutaraldehyde (Sigma-

Aldrich, G7651) in water overnight in the fridge, followed by five washing steps with Milli-Q 

water. The cells on the cover slips were gradually dehydrated using an ethanol (20%, 40%, 60%, 

80%, 90%, 3x100% ethanol). As a final step the cover slips were placed on electron microscope 

pin holders and left to dry. The samples were sputter-coated with 5 nm carbon layer prior to 

electron microscopy imaging. 
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Secondary electron and cathodoluminescence images from biosamples were collected using 10 

kV acceleration voltage and 1.6 nA electron beam current. Cathodoluminescence images 

(512x512 px) were acquired using 3 ms dwell time and 600 nm filter. 

The resin embedded samples were treated as previously described. Prior to dehydration, cover 

slips were washed with cacodylate buffer (0.1 M) (3x) and stained with 2% osmium tetroxide and 

1.5% potassium ferricyanide for 1 hour at room temperature. Then, cover slips were gradually 

dehydrated as described earlier and embedded in epoxy resin (EPON 812), according to 

procedures described in the manufacturer’s protocol. Cover slips were placed in the 15 ml falcon 

tube and centrifuged at 2000 g for 15 minutes to remove excess resin and cured in the oven for 72 

hours at 60 °C. Cover slips were sputter-coated with 30 nm gold/platinum layer and trench of 35 

µm wide and 15 µm deep were cut by operating the focused gallium ion beam (FEI Helios 660 

G3 UC Focused Ion Beam (FIB)/SEM system) at 30 kV and varying the beam currents between 

47 nA to 0.79 nA. Exposed cells were then imaged using an in-chamber backscattering detector, 

using 3 kV acceleration voltage and 0.2 nA beam current. 

Folate receptor targeting protocol using 25 nm immunogold was modified from immunogold 

manufacture’s protocol (AURION, Electron Microscopy Sciences pre-embedding protocol). 

35’000 cells were left to attach onto sterile 12 mm glass cover slips overnight in the incubator. 

Next day, the cells were gently washed three times with pre-warmed PBS and then fixed with 4% 

PFA for 30 minutes at room temperature. After the fixation, the cells were washed three more 

times with PBS and incubated for 10 minutes in 2 mM glycine solution. After that, the cells were 

incubated in 5% bovine serum albumin solution (BSA, Sigma-Aldrich, A1595) for one hour, 

followed by washing and incubation with a washing buffer (0.8% BSA and 0.1% gelatin from 

cold water fish skin (Sigma-Aldrich, G7765) in PBS) for 30 minutes. After incubation in the 

washing buffer, part of the samples were incubated with folate receptor alpha polyclonal antibody 

(ThermoFisher Scientific, PA5-24186, dilution 1:10) in 1% BSA solution in PBS for 2 hour at 

room temperature. Next, incubated samples were washed four times with PBS containing 0.1% 

Tween 20 (Sigma-Aldrich, P9416) to remove unbound antibodies, following an incubation of all 

the prepared samples with 25 nm AURION immunogold solution (Electron Microscopy Sciences, 

Electron Microscopy Science, Lucerna-Chem AG, Lucerne, Switzerland, dilution 1:10) in 1% 

BSA solution for 2 hours. The samples were washed four times with washing buffer and two 

times with PBS containing 0.1% Tween 20. Then, all the samples were subjected to post-fixation 

with 2% glutaraldehyde solution in MilliQ overnight in the fridge. All the samples were then 

washed with four times with MilliQ water and gradually dehydrated using an ethanol (20%, 40%, 

60%, 80%, 90%, 3x100% ethanol). As a final step the cover slips were placed on electron 

microscope pin holders and imaged. 
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The secondary and backscattering electron images of immunogold-labelled samples were 

acquired using FEI Helios 660 G3 UC Focused Ion Beam (FIB)/SEM system equipped with FEI 

Maps software (Maps 2.1.38.1199) The field of view of each image was set to 10 µm and maps of 

10 x7 tiles were acquired using 5 kV acceleration voltage and 0.1 nA electron beam current.  

4.2.9 Labelling efficiency using flow cytometry 

To understand the free folic acid blocking efficiency, flow cytometry was measured to determine 

specific targeting of folic-acid functionalized YPO4:Tb
3+

 nanoparticles on Hela and A549 cells. 

Previously detached cells were blocked for 30 min at room temperature with 4% 

paraformaldehyde solution, following the washing with 0.5% BSA containing PBS solution. 

Next, the cells were incubated with 5% BSA solution for one hour, followed by washing and 

incubation with a washing buffer for 30 minutes. Then, the cells were divided into three 

categories (70 000 cells): untreated cells, FA blocked cells and unblocked cells. Folic acid 

blocked cells were incubated in free folic acid solution (40 mg in 50 ml PBS) for an hour, while 

the others stayed in the washing buffer. Afterwards all samples were treated with 25 µg/ml 

YPO4:Tb
3+

-FA nanoparticles in 10% DMSO solution. Three hours of incubation were followed 

by four washing steps with washing buffer and PBS. Then the samples were subjected to flow 

cytometry analysis (Beckmann & Coulter Gallios TM Flow Cytometer (ungated 10’000 events)) 

monitoring the forward and side scattering signals. 

4.2.10 Image analysis 

Image analysis was used to quantify the cell area covered by nanoparticles by using Fiji.
134

 First, 

brightness and contrast of secondary electron images was adjusted on each micrograph. The 

image was turned into binary using a threshold which was determined for each image 

individually. Using the tracing tool the outline of the cell was marked and measured. After 

removing non-cellular features, the binary image was despeckled to reduce the noise. As a final 

step, the particles were traced, and their area was measured using the particle analysing tool with 

individual settings for each cell. The percentage of the covered area was determined by the ratio 

of the surface area covered by particles and total cell area. In total eleven cells were analyzed 

from two independent measurements. The number of clusters per cell surface area was calculated 

by dividing the particle covered cell area with the area of the clusters (5 nanoparticles). The 

statistical significance was calculated using Mann-Whitney U test.  

4.3 Results and discussion 

Terbium-doped YPO4 nanocrystals were synthesized via a microwave-assisted hydrothermal route 

following a method adapted from Nuñez et al.
151

 The transmission electron microscope (TEM) 
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images show spherical nanoparticles with a mean core size of 64 ± 17 nm and a narrow size 

distribution (Figure 1a). Despite the relatively poor crystallinity seen in selected-area electron 

diffraction (SAED), sufficient characteristic optical emission was observed using imaging 

parameters compatible with single particle imaging (Figure 1b). The shown CL emission 

spectrum exhibits typical terbium emission pattern,
39,42

 with the main peak at 545 nm 

corresponding to the 
5
D4 → 

7
F5 transition. Next, the CL emission from single YPO4:Tb

3+
 

nanocrystals was assessed on silicon wafer. All imaged rare-earth element doped single 

nanocrystals exhibit characteristic CL emission (Figure 1c), overcoming the main limitation of 

nanodiamonds where only a sub-fraction of particles emit.
47

 The dopant concentration was 

determined by inductively coupled plasma optical emission spectrometry (ICP-OES) 

measurements and shows excellent agreement between the nominal (5.56 mol%) and the 

measured value (5.84 ± 0.11 mol%). Following confirmation of the optical emission 

characteristics of the nanoparticle core materials, the particles were subjected to surface 

functionalization. First, amine groups were introduced on the particle surface via silanization
78

 

(obtaining YPO4:Tb
3+

-APTES), followed by the coupling of folic acid using EDC/NHS 

chemistry
152

 (obtaining YPO4:Tb
3+

-FA) (Scheme 1). The surface functionalization was confirmed 

via FTIR and elemental analysis. The FTIR spectrum of unfunctionalized nanoparticles shows an 

intense double-peak around 1000 cm
-1

, which corresponds to phosphate groups.
78

 The spectrum 

also indicates a presence of -CH2- (2950 cm
-1

) and -OH bonds (3100-3400 cm
-1

), which indicates 

the presence of adsorbed solvent molecules on the surface. APTES functionalized nanoparticles 

do not show significantly different FTIR spectrum, as there is a strong overlap between the 

phosphate peak and other functional (-Si-O-) peaks. Folic acid functionalized nanoparticles show 

a peak at 1600 cm
-1

, which corresponds to the newly formed amide bond. The broad peak 

between 3000 and 3500 cm
-1

 indicates the presence of -OH and -NH2 groups, respectively. To 

further confirm the successful surface functionalization, carbon-hydrogen-nitrogen (CHN) content 

was measured by microelemental analysis (Figure S2) and additional elemental analysis was 

performed using Energy Dispersive X-ray Spectroscopy (EDXS). The presence of APTES could 

be confirmed by EDXS showing the appearance of Si on the particles (Figure S3). APTES 

functionalized particles also show an increase in nitrogen content compared to the 

unfunctionalized nanoparticles (∆N = 0.59%), corresponding to high grafting densities (12 

APTES molecules per nm
2
), similar to previously reported values obtained on silica 

nanoparticles.
153

 The successful immobilization of FA molecules on the particle surface was also 

confirmed, as both carbon and nitrogen content showed significant increase (∆C = 8.27% and ∆N 

= 3%). The obtained folic acid grafting density reaches values of around 8 molecules per nm
2
.  
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Scheme 1: a) Nanoparticle functionalization and immunolabelling using b) CCLEM labels or c) 

immunogold. 

For single protein labelling applications, nanoparticles must exhibit excellent colloidal properties. 

Therefore, nanoparticle hydrodynamic diameters and polydispersity were assessed by dynamic 

light scattering (DLS). DLS measures the scattering of the light directly in the colloid, which 

results in a diffusion coefficient inversely proportional to the particle size.
154

 Mean hydrodynamic 

diameters of 138 nm, 155 nm and 192 nm were found for YPO4:Tb
3+

, YPO4:Tb
3+

-APTES, 

YPO4:Tb
3+

-FA, respectively. The discrepancy between the TEM core size and the hydrodynamic 

size can be explained by the well-known overestimation of the size of particles with flexible 

molecules on their surface by DLS.
155

 The unfunctionalized particles show high colloidal stability 

and uniform size distribution (Figure 1d and Table 1), with a polydispersity index (PDI) value of 

0.04. Surface functionalization expectedly increases the hydrodynamic size and polydispersity 

index of the nanoparticles, while still indicating single particle distribution. Generally, PDI values 
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≤ 0.1 are characteristic of highly monodisperse particle populations, whereas values between 0.1 

and 0.4 hint a moderate polydispersity and high colloidal stability.
154

  

 

Figure 1: a) Transmission electron micrograph of as-prepared YPO4:Tb
3+

 nanoparticles, the 

corresponding electron diffraction pattern and primary particle diameter (dTEM) histogram. Scale 

bar: 100 nm. b) Cathodoluminescence emission spectrum of YPO4:Tb
3+

 nanoparticles. c) Secondary 

electron (SE) and cathodoluminescence images of single YPO4:Tb
3+

 nanoparticles on a silicon 

wafer. Scale bars: 400 nm. d) Hydrodynamic size assessed by dynamic light scattering as a function 

of surface functionalization. e) Fourier transform infrared spectra of the differently functionalized 

YPO4:Tb
3+

 nanoparticles. 

Following the preparation of functionalized nanoparticle-based labels, a suitable cell-based 

binding assay was established. Folic acid functionalized nanoparticles have been extensively used 

for cancer cell targeting and hence folate receptor positive cancer cells provide an ideal model 

system for the establishment of CCLEM-based immunolabelling.
152,156

 To confirm the availability 

of folate receptors after fixation, flow cytometry with fluorescently labelled FA entities was 

performed. The availability of folate receptors was demonstrated on folic acid positive (Hela) and 

negative (A549) cell lines (Figure 2a). Folate receptor positive cells showed high fluorescence 

intensity when incubated with fluorescin isothiocyanate (FITC)-conjugated FA. The obtained 

fluorescence signal intensity (median intensity 61 units) was two order of magnitudes higher 

compared to unlabelled samples (median intensity 0.34 units). Samples previously blocked with 

free folic acid showed lower fluorescence intensity (median intensity 39 units), indicating the 

specific binding of FITC conjugated FA molecule. The folic acid receptor negative cell line 

(A549) on the other hand, expectedly only showed a minimal shift in fluorescence intensity upon 

labelling with FITC-FA (Figure 2a).  
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Table 1: Hydrodynamic size measurements in MilliQ water. 

Sample Z-average (nm) SD (nm) PDI SD 

YPO4:Tb
3+

 138 1.44 0.05 0.04 

YPO4:Tb
3+

-

APTES 

155 1.40 0.17 0.02 

YPO4:Tb
3+

-FA 192 11.5 0.11 0.01 

 

Next, immunolabelling was performed using the aforementioned YPO4:Tb
3+

-FA immunolabels on 

Hela cells as well as folate receptor targeted 20 nm immunogold (Figure 2b). Immunogold 

labelling of folate receptors was performed using a state of the art protocol in order to visualize 

available folate receptors on the surface. Based on the immunogold labelling, the previously 

described characteristic clustering of folate receptors was confirmed (Figure 2b).
157

 Next to the 

immunogold folate receptor labelling, immunolabelling using YPO4:Tb
3+

-FA was performed. 

Both secondary electron (SE) images and cathodoluminescence images were collected from the 

immunolabelled samples directly in the scanning electron microscope. Notably, the CL maps 

show emission from single particles also on the cell samples. This is the first demonstration of CL 

images from single rare-earth doped nanoparticles with specific targeting moieties. Cells where 

folate receptors were blocked using an excess of free folic acid (Figure 2c, right) showed 

significantly lower nanoparticle numbers on their surface compared to unblocked samples (Figure 

2c, left). Flow cytometry measurements confirmed the higher binding rate of unblocked samples 

compared to blocked samples (Figure 2d). In flow cytometry, side scattering indicates the 

granularity of cells, therefore, cells associated with nanoparticles show higher side scattering 

signal.
66,158

 The monitored side scattering for targeted Hela cells (median intensity 23 units) is 

higher compared to unlabelled (median intensity 14 units) and blocked (median intensity 17 units) 

samples. Image analysis shows that the cell surface area covered by nanoparticles differed 

significantly between unblocked and blocked samples (6.6 ± 2.8% vs. 1.8 ± 1.1%, p < 0.001 

(Mann-Whitney U test), Figure 2e). Again, and in line with the immunogold labelling, 

nanoparticle clusters (containing between 2-6 nanoparticles) were observed, which again pinpoint 

towards the well-known receptor clustering, in line with the immunogold findings. Based on 

images of cells labelled with YPO4:Tb
3+

-FA, the number of clusters per surface area were 

determined and the folate receptor density was estimated based on the covered area and the 
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average cluster size as 1.2 ± 0.6 clusters per µm
2
 of cell surface, which is in excellent agreement 

with previous studies reporting a cluster density between 1 and 1.8 clusters per µm
2
 of cell surface 

on MA104 cells.
157

 In addition to the imaging of the cell surface, the feasibility of cellular 

ultrastructure analysis was demonstrated on osmium stained and resin-embedded cells labelled 

with the rare-earth element doped nanocrystals (Figure 2f). 

 

Figure 2: a) Folate receptor expression on folic acid receptor negative (A549) and positive (Hela) 

cells using flow cytometry. b) Same receptor labelling using 25 nm immunogold functionalized with 

folate receptor antibody and immunogold only (non-specific binding control). Scale bars: 1 µm. c) 

Secondary electron (SE) and cathodoluminescence (CL) images of (left) folate receptor labelled 

Hela cells without previous receptor blocking using YPO4:Tb
3+

-FA. (right) folate receptor labelling 

on Hela cells with previous receptor blocking with excess free folic acid (FA). Scale bars: 1 µm. d) 

Flow cytometry analysis and e) quantitative image analysis of YPO4:Tb
3+

-FA binding to Hela cells. 

f) Imaging of FIB-sectioned epoxy resin-embedded Hela cells targeted with YPO4:Tb
3+

-FA 

nanoparticles reveal particles on the surface and well-preserved cellular ultrastructure. Scale bar: 

1 µm. 
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4.4 Conclusions 

Taken together, the present work demonstrates the feasibility of correlative cathodoluminescence 

electron microscopy based immunolabelling (immunoCCLEM). The study provides evidence for 

label specificity by directly comparing the folate receptor binding by folic acid functionalized 

immunolabels and correlation of the electron with the cathodoluminescence signal hence 

overcoming the major shortcomings of previous studies. While this work showcases for the first 

time the utility of rare-earth element-based nanoparticles as specific colour-emitting single 

molecule labels in electron microscopy, the used immunolabels (50-70 nm) are relatively large 

compared to the traditional immunogold labels (5-20 nm). Especially for intracellular protein 

labelling, the nanoparticle core size should not exceed 20 nm requiring further development of 

synthesis and functionalization methods in order to obtain monodisperse, highly stable, target-

specific nanocrystals with ultra-bright emission properties. 

Nonetheless, the current work paves the way for future studies investigating intracellular multi-

colour CCLEM-based immunolabelling in comparison to immunogold-based methods. CCLEM-

based multi-colour labelling of multiple proteins directly in the electron microscopy setting gives 

access to protein localization studies in context of the full cellular ultrastructure and provides a 

straightforward alternative to super-resolution based CLEM. 
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4.5 Appendix 

 

Figure S1: Folic acid activation. 
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Figure S2: CHN analysis results. 

 

Figure S3: EDX – unfunctionalized vs. APTES functionalized YPO4:Tb
3+

 nanoparticles.  



 
 

 

77 

Chapter 5  

Facile meltPEGylation of Flame-made 

Luminescent Tb
3+

-doped Yttrium Oxide 

Particles: Hemocompatibility, Cellular 

Uptake and Comparison to Silica
5
 

.   

                                                                        

5
 Copyright (2018) The Royal Society of Chemistry. Used with permission from K. Keevend, G. Panzarasa, 

F. H. L. Starsich, M. Zeltner, A. Spyrogianni, E. Tsolaki, G. Fortunato, S. E. Pratsinis, S. Bertazzo and I. K. 

Herrmann. Facile meltPEGylation of flame-made luminescent Tb
3+

-doped yttrium oxide particles: 

hemocompatibility, cellular uptake and comparison to silica. Chem. Commun., 2018, 54, 2914. 

Author contribution. K.K. performed nanoparticle characterization, flow cytometry and cytotoxicity 

experiments, analysed the data, and co-wrote the manuscript; G.P. developed the PEGylation 

protocols and performed the particle PEGylation experiments; F.S. synthesized the nanoparticles 

and helped with nanoparticle characterization; M.Z. performed CHN microanalysis experiments; 

A.S. helped with sedimentation measurements; E.T. and S.B. performed TEM analysis of particles 

and cells; S.E.P. was involved in the study design and co-supervised the study; I.K.H. designed and 

supervised the study and co-wrote the manuscript. All authors contributed to data interpretation 

and edited the manuscript. 



Chapter 5
 

 

78 

ABSTRACT 

The production of small, near-monodisperse, highly crystalline nanoparticles poses challenges. 

While wet-chemistry based synthesis methods have been employed for the production of 

monodisperse nanoparticles, the poor scalability and oftentimes required post-annealing to 

improve crystallinity constitute major drawbacks. Flame aerosol technology is a versatile high-

temperature method for scalable synthesis of nanoparticles. However, since particles are produced 

and collected in a dry state, poor dispersibility poses hurdles to their biomedical use. We report on 

a one-pot, scalable and robust procedure for the PEGylation of flame-made Y2O3:Tb
3+

 and silica 

nanoparticles. We demonstrate improved colloidal stability, attenuated activation of blood 

coagulation and decreased uptake into phagocytic cells, all of which pave the way for facilitated 

biomedical use of flame-made oxide nanoparticles. 
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5.1 Introduction 

Flame aerosol technology is a versatile process that allows large-scale production of high quality 

nanoparticles.
159,160

 Its broad use for decades further evidences the process robustness and 

applicability for synthesis of nanoparticles, even by industrial standards.
161

 Spray combustion of 

solutions
162 

has been employed for preparing a wide range of mono- and multicomponent 

nanoparticles at low cost and with high yields in commercial quantities.
163

 It can be scaled up to a 

production rate of kg per hour
164

 without significant alterations in material characteristics,
165

 and 

specifically for biomedically relevant materials.
166,167

 In the recent years, flame-made particles 

with diverse compositions and architectures (including core/shell
126

 and Janus shaped
168,169

 

particles) have attracted increasing interest in the biomedical field. The good stoichiometric 

control and scalability of the process along with the sterility of the high temperature conditions 

make flame spray pyrolysis
162

 an attractive method for synthesis
170

 of nanoparticles for 

diagnostic
167

 and therapeutic use.
171

 While some applications are based on the incorporation of 

flame-made nanoparticles into polymeric matrices and composites,
172,173

 others rely on direct 

topical application of nanoparticles without any functionalization.
174

 However, such fumed metal 

oxide nanoparticles can be damaging to cells.
175,176

 Especially flame-made silica and silica-rich 

materials have been shown to activate blood coagulation and lyse cellular membranes.
177,178

 

While surface modification of such nanoparticles can effectively attenuate the damaging 

effects,
179

 stabilization and further functionalization of flame-made particles often is challenging. 

Among the different strategies available to modify the surface of nanoparticles, functionalization 

with poly(ethylene glycol) chains (PEGylation) is first choice, primarily because the hydrophilic 

and flexible PEG chains disperse well in physiological media due to steric repulsion.
180

 

Additionally, it has been shown that surface PEGylation attenuates non-specific protein 

adsorption,
181

 prolongs blood circulation times and reduces uptake into phagocytic cells.
179

 While 

it is relatively straightforward to achieve high surface grafting densities with small molecules 

(such as silane),
182

 it generally remains challenging to achieve high PEG-chain grafting densities 

on the nanoparticle surface. A promising method for in situ functionalization of flame-made 

titania nanoparticles with hydrophobic moieties that were thermally stable up to 300 °C in air was 

reported,
183

 however, its applicability for PEG-based silanes has yet to be demonstrated. Various 

strategies have been developed for PEGylation of metal oxide nanoparticles.
184

 Most of them 

involve the use of PEG derivatives with reactive chain ends (such as silanes
185

 and 

phosphonates
186-188

) or sophisticated surface polymerization reactions of PEG-like monomers. 

Other methods include Atom Transfer Radical Polymerization (ATRP)
189

 and reversible addition-

fragmentation chain transfer (RAFT)-based approaches.
190

 However, there is a need for more 
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straightforward, user-friendly and universally applicable alternatives not relying on expert know-

how or expensive reactive-group terminated PEG moieties. 

Melt grafting was developed in the 1980s as a straightforward route for the hydrophobization of 

sol-gel (Stöber) silica particles. In the original protocols, silica particles dispersed in a long-chain 

alcohol (such as stearyl alcohol) were heated to 180-200 °C (usually for 1 to 3 hours) to promote 

the esterification reaction between the surface silanols and the alcohol -OH groups, through the 

formation of Si–O–C bonds.
191

 After cooling, the particles were re-dispersible in non-polar 

organic solvents.
192

 However, interest for this approach was lost when hydrophobic silanes started 

to become widely available.
193

 More recently, melt-grafting protocols started again to attract 

attention due to their simplicity. For example, an approach for meltPEGylation of iron oxide 

particles has been recently reported,
180

 which however, makes use of particles first functionalized 

with nitrodopamine or nitrodopamine-PEG chains and thus does not constitute a one-pot approach 

analogous to the historical method. 

Here, we present an effective, robust and straightforward route to obtain stabilized colloids of 

flame-made nanoparticles using low cost monomethylether-terminated PEG. We demonstrate the 

versatility of the meltPEGylation protocol by applying it to two different oxide nanoparticles, 

luminescent terbium-doped yttria (Y2O3:Tb
3+

) and silica (SiO2). Luminescent Y2O3:Tb
3+ 

 

nanoparticles were included as a biomedically-promising material with prospective applications in 

labelling of cancerous cells.
135

 Flame-made SiO2 is a commercially relevant material with 

comparatively poor cyto-
172

 and hemocompatibility.
174,178

 In addition, silica has been historically 

important in the development of melt-grafting protocols,
191

 and is thus used for benchmarking. 

The obtained PEG grafting densities are compared to those achieved by simple PEG 

physisorption and PEG-silane grafting. Properties, such as colloidal stability over time, 

cytocompatibility, activation of the blood coagulation cascade and uptake into phagocytes were 

investigated. 

5.2 Experimental 

5.2.1 Nanoparticle synthesis  

Yttrium oxide nanoparticles were synthesized by flame pyrolysis according to the procedure 

described by Sotiriou et al.
38

 Briefly, yttrium nitrate (Aldrich, 99.9%) was dissolved in a 1/1 (vol 

%) mixture of 2-ethylhexanoic acid and ethanol at a molarity of 0.5 M. Terbium was added as a 

dopant at a concentration of 4 at% using Tb(NO3)3 (Aldrich, 99.9%) in the above solution. This 

precursor solution was fed into the spray nozzle at a volumetric flow rate of 5 mL min
-1

 and 

dispersed by 5 L min
-1

 of O2. Silica nanoparticles were produced using hexamethyldisiloxane 

(HMDSO) in ethanol at 0.8 M silicon concentration. The precursor solutions were fed at 5 
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mL/min to the flame spray nozzle, dispersed by 5 L min
-1

 of O2 with approximately 1.5 bar 

pressure drop at the nozzle tip and ignited by a premixed 1.5 L min
-1

  CH4 and 3.2 L min
-1

 O2 

supporting flame.
194

 Particles were collected on a filter downstream of the flame and subsequently 

subjected to physicochemical characterization.  

5.2.2 Particle characterization  

TEM images of nanoparticles were obtained by suspending particles in ethanol and dropping 10 

μL of the resulting suspension on a Formvar copper mesh (Electron Microscopy Science, 

Lucerna-Chem AG, Lucerne, Switzerland). After drying, the grid was imaged in a JEOL 2000FX 

transmission electron microscope (TEM). X-ray diffraction patterns (XRD) were recorded with a 

Bruker D8 advance diffractometer (40 kV, 40 mA, CuKα radiation). Specific surface area was 

determined by nitrogen adsorption at 77 K using a five-point BET isotherm (TriStar II Plus, 

Micromeritics) after degassing the nanoparticle samples for 2 h at 150 °C in N2. Fluorescence 

spectroscopy was performed using a Quantaurus-QY C11347-11, Hamamatsu Spectrometer, 

using an excitation wavelength of 254 nm. 

5.2.3 PEGylation protocol 

Poly(ethylene glycol) monomethyl ether (avg. Mn ~ 350 g mol
-1

, 1900 g mol
-1

 and 5000 g mol
-1

), 

ethanol (anhydrous) and dichloromethane were purchased from Sigma-Aldrich and used as 

received.  

For meltPEGylation (meltPEG), 0.05 g of particles were grand in a mortar together with 1.5 g of 

poly(ethylene glycol) monomethyl ether. Then, 30 mL of ethanol was added, the suspension was 

transferred in a double-necked 100 mL round-bottomed flask, sonicated for 30 min and eventually 

the ethanol was evaporated under vacuum. The solid was heated to 200 °C under inert atmosphere 

(argon) for 4 h. Then, the flask was allowed to cool to room temperature and 30 mL of 

dichloromethane was added under sonication. The suspension was sonicated for 30 min and left 

for 10 min without stirring. The supernatant was centrifuged at 7800 rpm for 30 min. The 

sediment was re-dispersed two more times in dichloromethane, then three times in ethanol and 

eventually three times in water using the same centrifugation and re-dispersion procedure. The 

concentration of the final suspension in water was determined gravimetrically. In this way, the 

samples meltPEG350, meltPEG1900 and meltPEG5000 are obtained.  

For physisorption (physPEG), 0.05 g of particles were grand together with 1.5 g of poly(ethylene 

glycol) monomethyl ether. Then, 30 mL of dichloromethane was added, the suspension was 

transferred in a 50 mL-vial, sonicated for 1.5 h and left under stirring overnight. The suspension 

was left for 10 min without stirring and the supernatant was centrifuged at 7800 rpm for 30 min. 
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The sediment was re-dispersed two more times in dichloromethane, then three times in ethanol 

and eventually three times in water using the aforementioned centrifugation and re-dispersion 

procedure. The concentration of the final suspension in water was determined gravimetrically. In 

this way, the samples physPEG350, physPEG1900 and physPEG5000 are obtained.  

For PEG-silane functionalization, the modified method by Lucky et al.
195

 was used. Briefly, 0.05 

g of nanoparticles were dispersed in ethanol with the aid of ultra-sonication. Meanwhile, 0.05 g of 

mPEG-silane (avg. Mn ~ 350 g mol
-1

, and 5000 g mol
-1

, Nanocs Inc., New York, USA) was 

dissolved in 50 ml of water and nanoparticles were added to the solution. The mixture was stirring 

for 30 min at room temperature. At the end of the stirring, 1.875 ml of ammonia (28 wt%, Sigma 

Aldrich) was added dropwise to the mixture and was allowed to mix for 3 hours. Nanoparticles 

were collected by centrifugation at 10000 g for 15 min, washed three times with ethanol and dried 

in the oven at 70 °C overnight. 

5.2.4 CHN Analysis 

Carbon, hydrogen and nitrogen (CHN) content of the samples were measured by vario MICRO 

cube (Elementar). The micro analyser was calibrated with sulphanilamide. 2 mg of sample were 

oxidized/pyrolized over a period of 70 seconds (standard program: 2mg70s). Most of the samples 

were measured in duplicate. 

5.2.5 FTIR  

Infrared absorption spectra were measured using Varian 640-IR spectrometer equipped with 

diamond attenuated total reflectance (ATR) optics.  

5.2.6 Particle sedimentation  

The stability of Tb
3+

-doped PEGylated nanocrystals (physisorption vs. meltPEGylation, Mn ~ 350 

g mol
-1

) was assessed using a Cary Varian 500 UV/VIS spectrometer. Sedimentation kinetics was 

measured in disposable polystyrene macro cuvettes monitoring the absorption only on the top 3-

mm suspension layer by partially covering the cuvette. The total volume used in the 

measurements was 2.1 ml. The linear concentration range was determined by measuring a 

calibration curve at 350 nm (concentrations: 0, 25, 50, 100 µg/mL). Kinetic absorbance 

measurements were carried out for 24 hours with particle concentration 100 µg/mL. The 

measurements were carried out at 23 °C in water. The measurement cuvette was sealed with 

Parafilm to avoid evaporation from the cuvette.  
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5.2.7 DLS  

Hydrodynamic size measurements were performed using a dynamic light scattering (DLS) 

ZetaSizer90 instrument from Malvern.  

5.2.8 XPS 

 Surface elemental compositions of the powders were characterized by XPS measurements, 

performed on a PHI 5000 VersaProbe II instrument (USA) with a monochromatic AlKα X-ray 

source. Energy resolution of the spectrometer was set to 0.8 eV/step at a pass-energy of 187.85 

eV for survey scans and 0.100 eV/step and 23.5 eV pass-energy for high resolution region scans, 

respectively. Carbon 1s at 284.5 eV was used as a calibration reference to correct for charge 

effects. Elemental compositions were determined using instrument dependent atom sensitivity 

factors. The photoelectron-transitions C1s, O1s, Y3d and Si2p were selected to determine the 

elemental concentrations and the chemical shifts within the region scans. Data analysis was 

performed by use of CasaXP software (Casa Software Ltd, United Kingdom). 

5.2.9 Haemolysis 

After obtaining written informed consent (ethical approval, EKSG 12/111), whole blood from 

healthy volunteers was collected in tubes containing 0.109 M sodium citrate. Tubes were 

centrifuged at 800 x g. Blood plasma was collected for coagulation measurements. The 

haemolysis assay was carried out following previously described procedures. Briefly, red blood 

cells were washed in PBS and the haemoglobin concentration was adjusted to ~30 mg/mL. Blood 

was incubated with nanoparticle suspensions at the ratio of 1:10 (final nanoparticle concentration 

100 μg/mL). Triton X (1%) served as positive and PBS as negative control. After incubation for 3 

h at 37 °C the samples were centrifuged at 6000 x g for 10 min. Then, 100 µL of each supernatant 

was transferred to a well on a 96-well flat-bottom plate. Absorption at 570 nm (haemoglobin) was 

measured using a Mithras2 LB 943 plate reader. 

5.2.10 Coagulation 

Plasma coagulation was measured immediately after blood collection. Nanoparticle suspensions 

were added to fresh citrated plasma at a dilution of 1:10 to reach a final particle concentration of 

100 μg/mL. Aerosil200 (Evonik, 0.25 mg /mL) served as positive control, plasma containing 10% 

H2O (vehicle) served as negative control. Plasma samples were incubated for 20 minutes at 37 °C 

and centrifuged at 6000x g. Supernatants (100 μL) were then transferred to a 96 well plate and 65 

μL of 50 mM CaCl2 solution was added immediately before starting the kinetic measurement. 
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Absorbance at 405 nm (indicative of fibrin polymerization) was observed over time using a 

Mithras2 LB 943 plate reader. 

5.2.11 Uptake study using flow cytometry 

For nanoparticle uptake measurements, functionalized nanoparticles (50 μg/mL) were incubated 

with human monocyte cells (THP-1 cell line, ECACC 88081201) at a concentration of 10
6
 

cells/mL for 30 minutes, 2 hours and 6 hours, respectively. Untreated and water treated cells 

served as negative controls. Cells were assessed with Beckmann & Coulter Gallios TM Flow 

Cytometer (10 000 events gated in forward/side scatter or 2 min maximum acquisition time) in 

combination with Kaluza Analysis software. The shift of cell population after nanoparticle 

incubation was recorded with forward and side scatter. 

5.2.12 Preparation of cellular specimens for uptake studies 

Human monocyte cells (THP-1 cell line) were cultured in Roswell Park Memorial Institute 

Medium (RPMI-1640) containing 10% fetal bovine serum (FBS) at 37 °C in a humidified 5% 

CO2 atmosphere. Cells were sub-cultured every seventh day. For experiments, cells were seeded 

at a density of 10
6
 cells/mL in RPMI-1640 containing 10% FBS. Next, cells were incubated with 

non-functionalized, meltPEG350 and physPEG350 Y2O3:Tb
3+

 nanoparticles (50 µg for 100 000 

cells) for 2 hours. Cells were centrifuged at 500x g for 5 minutes, washed gently with pre-warmed 

PBS, and fixed with 4% methanol-free paraformaldehyde (PFA) overnight at 4 °C in the fridge. 

Pellets were then washed with ddH2O (3x) and cacodylate buffer (0.1 M) (3x) and stained with 

2% osmium tetroxide and 1.5% potassium ferricyanide for 1 hour. Pellets were washed with 

ddH2O and then gradually dehydrated using an ethanol gradient (20%, 40%, 50%, 60 %, 70%, 

80%, 90%, 95%, 100% (3x)) and embedded in epoxy resin (EPON 812), according to procedures 

described in the manufacturer’s protocol. Resin blocks were cured in the oven at 60 °C for 48 

hours, trimmed with a razor blade and then sectioned in 100 nm sections using an ultramicrotome. 

The thin sections were imaged in a JEOL 2000FX transmission electron microscope. 

5.2.13 Statistical analysis 

Statistical analysis was performed in SPSS (IBM, Version 23). After testing for distribution, a 

non-parametric Mann-Whitney U test was applied. In order to assess correlation between 

PEGylation density (independent variable) and haemolysis (dependent variable), Spearman’s rho 

was calculated (N ≥ 9).  
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5.3 Results and discussion 

Both Y2O3:Tb
3+

 and SiO2 nanoparticles were prepared by flame spray pyrolysis following 

previously reported protocols.
124,178

 In brief, metal organic precursor solutions, containing the 

desired stoichiometric amounts of elements, were prepared and combusted. Particles were 

collected on a filter downstream of the flame and subsequently subjected to physicochemical 

characterization. The specific surface area measured by N2 adsorption (BET method) was 230 

m
2
/g for silica and 71 m

2
/g for Tb

3+
-doped yttria nanoparticles. The corresponding average 

primary particle sizes (dBET) were 10 nm for SiO2 and 16 nm for Y2O3:Tb
3+

, in line with values 

reported in literature obtained under comparable process conditions.
124,178

 Nanoparticle 

morphology was studied by transmission electron microscopy (TEM) and crystallinity by X-ray 

powder diffraction (XRD) (Figures 1a,b; see Appendix, Figure S1). Y2O3:Tb
3+

 nanoparticles are 

monoclinic and highly crystalline, while silica is amorphous, which is in good agreement with the 

literature.
178,31

 The carbon content of as-prepared nanoparticles prior to surface modification 

determined by elemental analysis (CHN analysis) was < 0.1 wt%.  

The as-prepared materials were then subjected to two different PEGylation protocols, namely 

meltPEGylation and PEG physisorption. For meltPEGylation, a procedure similar to the historical 

method was used.
191

 In short, as-prepared nanoparticles were ground in a mortar together with 

poly(ethylene glycol) monomethyl ether. PEG monomethyl ether was chosen to avoid cross-

linking. After mixing with ethanol and subsequent solvent evaporation, the solid was heated to 

200 °C under inert atmosphere and nanoparticles were washed repeatedly with solvents (see 

Materials and Methods for detailed description). For the PEG physisorption protocol, the 

nanoparticles were directly dispersed in solvents containing dissolved PEG and washed 

afterwards. The grafting densities calculated from the PEG loading and the BET surface were 

distinct for the different functionalization routes (Table 1: CHN analysis). The highest grafting 

densities (1.2 chains per nm
2
 for Y2O3:Tb

3+
 and 0.8 chains per nm

2
 for SiO2) were found for 

particles functionalized by the meltPEGylation route using PEG350. For Y2O3:Tb
3+

, a 50% 

increase in PEG loading using meltPEGylation compared to physisorption was found for all three 

molecular weights studied (350, 1900 and 5000 Da). For comparison, surface grafting densities 

for functionalization with commercially available PEG-silanes following the protocol described 

by Lucky et al.
195

 were included in Table 1. Grafting densities obtained by the meltPEGylation 

route are comparable to reported maximum PEG densities on silica (0.24-2.3 chains per nm
2
)

196
 

and iron oxide (0.5-3 chains per nm
2
).

180
 Importantly, meltPEGylation can give access to a brush-

like conformation of PEG. The average distance D between neighbouring PEG chains on particle 

surface determines the structural conformation of the surface-attached PEG chains and thus its 

shielding effectiveness. If D is greater than the Flory radius RF, that, is, if RF/D ≤ 1, neighbouring 
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PEG chains will not overlap and are said to be in a “mushroom” conformational regime. 

However, as the surface PEG density increases such that adjacent PEG chains overlap, that is, if 

RF/D > 1, PEG chains are forced to stretch away from the particle surface forming a “brush” 

layer. It is generally believed that surface PEG densities in the mushroom-to-brush transition state 

are required to offer optimal performance.
79

 The results obtained for Y2O3:Tb
3+ 

suggest that while 

PEG physisorption leads only to a “mushroom” state, meltPEGylation can give access to a 

“brush” layer (Appendix, Table S1). Densities are likely to vary between different particles due to 

different compositions and availabilities of surface hydroxyl groups. 

Table 1: PEG grafting densities for the different functionalization routes.  

 

The phase and the luminescent properties of the Y2O3:Tb
3+

 particles remained unaltered after 

PEGylation (see Appendix, Figure S1 and S2). Fourier transform infrared spectroscopy further 

confirmed the presence of PEG on both Y2O3:Tb
3+

 and SiO2 nanoparticles (Appendix, Figure S1). 

X-ray photoelectron spectroscopy of meltPEG on silica showed a small chemical shift towards Si-

O-C, however, the Si-O-C and O-Si-O peak show significant overlap (see Appendix, Figure S2). 

Following PEGylation, colloidal size and particle sedimentation were measured by DLS and 

ultraviolet-visible (UV-Vis) spectroscopy using particle suspensions in water and cell culture 

medium (Figure 1b; see Appendix, Figure S3). From DLS measurements in water, it became 

evident that meltPEGylated yttria nanoparticles have smaller hydrodynamic diameters compared 

to non-functionalized and physisorbed PEG nanoparticles (Figure 1c). Particles with the shortest 

polymer chain length (i.e. 350 Da) have the smallest hydrodynamic size (see Appendix, Figure 

S3a) and the highest grafting densities. Therefore, nanoparticles functionalized with PEG350 were 

selected for further investigations. The polydispersity indices (PDI) (see Appendix, Figure S3a) 

were generally smaller for meltPEGylated particles compared to the values observed for 

physisorbed PEG particles. In cell culture medium, meltPEGylated Y2O3:Tb
3+

 nanoparticles 

remained much smaller compared to physisorbed PEG nanoparticles (see Appendix, Figure S3 for 

raw data). While hydrodynamic sizes of PEGylated silica nanoparticles were significantly larger 
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in cell culture medium compared to water, non-functionalized silica nanoparticles remained 

remarkably small in serum-containing medium. This is in agreement with previous reports 

showing high stability of non-functionalized silica at similar concentrations in cell culture 

medium over time.
197

 Interestingly, when dispersions were measured immediately after 

preparation, hydrodynamic sizes were comparable for all nanoparticles (in both water and 

medium) and below 300 nm (see Appendix, Figure S4). The differences in long-term stability 

indicate that the PEG chain length and purification protocols may require optimization for 

different metal oxides and environments (buffers, protein-rich solutions, etc.). To further 

characterize the colloidal stability of the Y2O3:Tb
3+

 suspensions, sedimentation over time was 

measured according to procedures described by Spyrogianni et al.
197

 Sedimentation was 

monitored in a 3 mm deep suspension layer over 8 hours by UV-Vis spectroscopy (Figure 1d). 

Non-functionalized Y2O3:Tb
3+ 

nanoparticles show fast sedimentation within the first 30 minutes, 

similar to those functionalized by the physisorption route. For non-functionalized and physisorbed 

PEG, the dispersion reached < 5% of its initial absorbance after 2 hours, whereas for particles 

prepared by the meltPEGylation route, the absorbance was still > 50% of the initial value after 2 

hours. The sedimentation kinetics illustrates the improved colloidal stability of meltPEGylated 

particles compared to non-functionalized nanoparticles and those functionalized with PEG 

physisorption.  

Next, we assessed the influence of the different PEGylation routes on the biological fate of the 

nanoparticles. Since particle size is an important factor in cytotoxicity studies,
198

 that determines 

also particle settling rate,
177

 a suspension culture was chosen, accounting for potentially different 

sedimentation properties. Lactate dehydrogenase (LDH) release, as a surrogate marker for 

membrane damage, was studied in THP-1 monocytes (in suspension) for Y2O3:Tb
3+ 

and SiO2 

nanoparticles in serum-containing conditions (Figure 2a). Generally, silica nanoparticles led to 

higher LDH release at equivalent doses compared to Y2O3:Tb
3+

. All yttria nanoparticles displayed 

low toxicity before and after functionalization, while silica exhibited relevant membrane damage 

potential. Silica particles functionalized with physisorbed PEG showed cytotoxicity similar to as-

prepared nanoparticles, whereas cells exposed to meltPEGylated silica nanoparticles led to 

significantly lower LDH release. To investigate whether higher PEG chain density and therefore 

reduced protein interaction could also translate into altered uptake into phagocytic cells, we 

assessed the uptake into human monocytes as a function of time (Figure 2b). By means of flow 

cytometry,
199,200

 we compared the fraction of cells associated with (i.e. membrane-bound or 

uptaken) particles for Y2O3:Tb
3+ 

nanoparticles functionalized with physisorbed PEG and by 

meltPEGylation. Cell-free controls were measured to exclude interference from particle 

aggregates. 
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Figure 1: Transmission electron micrographs (TEM) of a) SiO2 and b) Y2O3:Tb
3+

 nanoparticles. c) 

Dynamic light scattering (DLS) measurements for Y2O3:Tb
3+

 and SiO2 nanoparticle suspensions in 

water (left) and serum-containing medium used for cell culture (right) before and after PEGylation 

(physisorption vs. meltPEGylation). d) Particle sedimentation measured by UV-Vis absorption at 

350 nm over 8 hours for Y2O3:Tb
3+

 nanoparticles. 

Time-dependent shifts in the side-scattering (SSC) signal indicated a more rapid association and 

internalization of particles carrying physisorbed PEG compared to meltPEGylated Y2O3:Tb
3+

. 

These results were also confirmed for nanoparticles functionalized with 5000 Da PEG chains. The 

lower association of nanoparticles with cells was further verified by transmission electron 

microscopy (Figure 2c). Transmission electron micrographs were recorded for cell samples 

incubated with the different nanoparticles for 2 hours. For non-functionalized and physisorbed 

PEG samples, a higher number of intracellular particle agglomerates can be found compared to 

meltPEGylated samples. In meltPEGylated samples, very few particles are localized 

intracellularly. A few particle agglomerates associated with the outer cell membrane can be 
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observed, indicating a delayed particle uptake compared to the non-functionalized and 

physisorbed PEG samples. The flow cytometry data (Figure 2b) together with the transmission 

electron micrographs (Figure 2c) suggest a delayed particle uptake into monocytes for 

meltPEGylated particles, which may translate into altered biodistribution. Hydrodynamic particle 

size (dH) and the stealth properties of the PEG are main parameters governing particle uptake 

kinetics, especially into the liver (dH > 100 nm) and spleen (dH > 200 nm).
201

 If nanoparticles are 

intended for intravascular application, hemocompatibility is of utmost importance. We therefore 

assessed the effect of as-prepared and PEGylated nanoparticles on red blood cells (particle 

concentration of 0.1 mg mL
-1

) in a haemolysis assay (Figure 2d). As-prepared silica nanoparticles 

were highly haemolytic with haemolysis reaching levels > 50% relative to positive control, 

similar to commercially available fumed silica (Aerosil200). The haemolytic activity of flame 

made and fumed silica is in good agreement with previous studies reporting haemolytic properties 

for different silicas,
202

 including Aerosil300.
203

 Surface PEGylation significantly decreased the 

haemolytic activity (Spearman’s rho: -0.95, p < 0.001 (two-tailed)). This effect was most 

pronounced for meltPEG350, where haemolysis was comparable to untreated control (< 5%). 

Compared to silica, Y2O3:Tb
3+ 

was significantly less haemolytic, and again the haemolytic 

potential was diminished as a function of PEG grafting density (Spearman’s rho: -0.94, p < 0.001 

(two-tailed)). Apart from haemolysis, the activation of the blood coagulation cascade is one of the 

most critical issues related to intravascular application. It is well known that metal oxides, and 

particularly silica nanoparticles, promote plasma coagulation.
204

 Indeed, non-functionalized silica 

led to a significant activation of the plasma coagulation cascade (Figure 2e), in good agreement 

with previous reports.
174,205

 Non-functionalized yttria was much less procoagulant in comparison 

to silica but still led to slightly increased fibrin polymerization compared to negative control. 

Importantly, both meltPEGylated Y2O3:Tb
3+ 

and SiO2 nanoparticles showed attenuation of the 

procoagulant effect observed for non-functionalized nanoparticles. For meltPEGylated Y2O3:Tb
3+

, 

values were even in the range of the negative control.  

5.4 Conclusions 

The study demonstrates, for the first time to the best of our knowledge, direct melt-grafting of 

readily available, monomethyl-terminated PEG on a metal oxide other than silica. The results 

illustrate the potential of solvent-free meltPEGylation as an elegant (one-pot), robust and 

straightforward route to achieve high PEG grafting density on flame made metal-oxide 

nanoparticles. MeltPEGylation significantly improves colloidal stability, reduces procoagulant 

activity and uptake by phagocytic cells, and hence facilitates biomedical use of flame-made 

nanopowders.  
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Figure 2: a) Particle induced lactate dehydrogenase (LDH) release in THP-1 monocytes after 

exposure to non-functionalized, physisorbed PEG and meltPEGylated yttria and silica 

nanoparticles in serum-containing conditions for 24 hours. b) Cellular uptake measured by the 

number of cells associated with nanoparticles in flow cytometry for different PEGylation protocols 

and chain lengths. c) Corresponding transmission electron micrographs of cells incubated with 

different particles (2 hours). d) Haemolysis in response to particle exposure (100 μg per mL for 3 

hours). e) Plasma coagulation measured at 405 nm (fibrin polymerization) comparing native 

plasma to plasma samples pre-exposed to nanoparticles. Aerosil200 was used as positive control 

(PC), H2O (vehicle) served as negative control (NC). Experiments were carried out at least three 

times (N ≥ 3). * indicates p < 0.05 and *** indicates p < 0.001.  
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5.5 Appendix 

 

Figure S1: X-ray diffraction patterns of silica (a) and Tb
3+

-doped yttria nanoparticles (b). 

Excitation (c) and emission (d) spectra for terbium-doped yttria nanoparticles before and after 

PEGylation. Photograph of Tb
3+

-doped yttria nanoparticles under UV excitation (254 nm) (e). 

FTIR spectra of meltPEGylated silica and yttria nanoparticles (f).  

 

Figure S2: XRD pattern before and after temperature treatment (4 hours at 200 °C, 

meltPEGylation) shows no apparent phase change (a). XPS analysis (Si2p transition) of non-

functionalized and meltPEGylated silica. While a small chemical shift towards the Si-O-C can be 

seen for the meltPEG nanoparticles, the Si-O-C peak and O-Si-O peak show significant overlap in 

agreement with previous reports (b).
206
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Figure S3: Hydrodynamic sizes and polydispersity indices of Y2O3:Tb
3+

 and SiO2 nanoparticles 

functionalized with different PEG lengths (a). Hydrodynamic sizes in serum-containing cell culture 

medium (RPMI with 10% serum) for samples with highest grafting densities and their analogues 

(b). Hydrodynamic size distribution by intensity for Y2O3:Tb
3+

 and SiO2 nanoparticles in water (c, 

d) and in serum-containing cell culture medium (e, f) measured by DLS. 

 

Figure S4: Hydrodynamic sizes measured immediately after preparation of the dispersions.  
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Calculation of RF/D values 

The average distance D between neighbouring PEG chains on particle surface determines the 

structural conformation of the surface-attached PEG chains and thus its shielding effectiveness. If 

D is greater than the Flory radius RF, that, is, if RF/D ≤ 1, neighbouring PEG chains will not 

overlap and are said to be in a “mushroom” conformational regime. However, as the surface PEG 

density increases such that adjacent PEG chains overlap, that is, if RF/D > 1, PEG chains are 

forced to stretch away from the particle surface forming a “brush” layer. It is generally believed 

that surface PEG densities in the mushroom-to-brush transition state are required to offer optimal 

performance.
79

  

The Flory radius RF of the polymer random coil in a good solvent is expressed as:  

 

where N is the degree of polymerization (the ratio between the polymer’s molecular weight and 

the monomer’s molecular weight (ethylene glycol)) and a is the effective monomer length (for 

PEG, a = 0.35 nm).
207

  

The distance between grafting sites D is defined as: 

 

where σ is the grafting density. This equation assumes that each brush chain occupies a 

cylindrical volume with its base coincident with the grafting surface.
208

 

The grafting densities (chains per nm
2
) were calculated based on CHN elemental analysis results 

and BET surface measurements. 

The results obtained for Y2O3:Tb
3+

 suggest that while PEG physisorption leads only to a 

“mushroom” state, meltPEGylation can give access to a “brush” layer. Densities are likely to vary 

between different particles due to different compositions and availabilities of surface hydroxyl 

groups. 
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Table S1: RF/D values for functionalized nanoparticles 

RF/D values for yttria nanoparticles. 

PEG MW 

(Da) 
N RF (nm) 

D (nm) RF/D 

Physisorbed Melt Physisorbed Melt 

350 5.6 0.99 1.3 1.0 0.8 1.0 

1900 32 2.8 3.0 2.7 0.9 1.1 

5000 81 4.9 5.6 4.6 0.9 1.1 

 

RF/D values for silica nanoparticles. 

PEG MW 

(Da) 
N RF (nm) 

D (nm) RF/D 

Physisorbed Melt Physisorbed Melt 

350 5.6 0.99 8.0 1.3 0.1 0.8 

1900 32 2.8 9.9 4.3 0.3 0.7 

5000 81 4.9 11.3 5.6 0.4 0.9 
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Chapter 6  

Concluding remarks and 

Research recommendations 

6.1 Achieved results 

This thesis reports the development of correlative cathodoluminescence electron microscopy 

(CCLEM) bioimaging. The presented CCLEM method allows simultaneous imaging of the full 

cellular ultrastructure and optical properties of the sample with deep sub-wavelength resolution. 

This thesis specifically contributes to the field of correlative microscopy by presenting: 

a) a comprehensive review of the existing body of literature and analysis of the state-of-the-

art in cathodoluminescence bioimaging (chapter 1). 

b) the first-in-field demonstration of CCLEM in focus ion beam (FIB) scanning electron 

microscopy mode on epoxy embedded biological samples containing small (~ 20 nm) 

luminescent nanocrystals (chapter 2 and 3). Notably, collection of the backscattered 

electron signal allows high-quality ultrastructural imaging along with sub-diffraction 

optical imaging. 

c) a strategy for the optimization of sample preparation, label selection and imaging 

parameters. Adoption of chemical fixation and resin embedding methods from 

conventional electron microscopy workflow allows preservation of the cellular 

ultrastructure without affecting the luminescence properties of the developed CCLEM 

labels. The presented insights into the CL generation volume in osmium-fixed, epoxy 

resin-embedded samples based on Monte Carlo simulations and experimental data in 

chapter 3 allow rationalized selection of optimal imaging parameters. 

d) ultra-bright and stable rare-earth element doped nanocrystals with distinctly different 

optical emission (green and orange/red), which are suitable for both conventional 

fluorescence microscopy as well as high resolution CCLEM based on single particle 

imaging at deep-sub wavelength resolution (chapter 3). Notably, the nanocrystals can be 
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readily distinguished from morphologically similar endogenous granules based on their 

optical emission (in contrast to the traditional immunogold labels). 

e) surface functionalization strategies for inorganic nanocrystals, which enable specific 

targeting of surface receptors on mammalian cancer cells (chapter 4). 

f) the demonstration of specific cell surface receptor labelling with appropriate control 

experiments (immunoCCLEM), including assessment of the contribution of non-specific 

binding, and labelling efficiencies using traditional immunogold labelling methods 

(chapter 4).  

g) simple surface functionalization route to improve dispersibility and colloidal stability of 

flame-made metal oxide nanoparticles (chapter 5). 

The above contributions pave the way for (multi-)colour, (intracellular) single protein labelling 

along with full cellular ultrastructure analysis. The CL tomography with nanometric resolution in 

x-y-z becomes attainable in FIB/SEM configuration. 

6.2 Future development 

While the concept of specific cell surface receptor labelling has been demonstrated in the present 

work, the extension of the principle to intracellular biological targets (instead of receptors on the 

cell surface) relies on the development of smaller, sub-10 nm immunolabels, which have sizes 

comparable to proteins. In addition to requirements related to the chemical synthesis of such 

highly monodisperse labels, especially the phase transfer into aqueous environments and the 

subsequent surface functionalization, pose challenges. The CL signal may also be critically 

affected by the deposition of active quenchers during image acquisition, as observed also in the 

current work. The aforementioned challenges therefore require the development of sub-10 nm, 

ultrabright cathodoluminescence labels with narrow optical emission and minimal spectral 

overlap. In terms of CL acquisition, the setup geometry should be set to maximize the collection 

efficiency. 

The novel light-emitting protein labels will allow functional studies directly in the electron 

microscope, using well-established and robust sample preparation methods. This, in turn, allows 

high-resolution volumetric imaging and CL tomography may become a straightforward 

alternative to super-resolution microscopy provided that CL detectors in FIB/SEM and (S)TEM 

systems become more widely available. In FIB/SEM systems, small and bright nanocrystals allow 

usage of low acceleration voltages in bulk samples and therefore give access to high resolution 

images in x-y-z directions, due to the small CL generation volume. For CL tomography to 
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become widespread in bioimaging community, automated slice and imaging systems which 

include mirror retraction or shielding must be developed.  
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