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Summary

Combining light and electron microscopy in an integrated system allows for the
combination of two different sorts of information in an automated fashion. This
type of imaging, called integrated correlative light and electron microscopy (CLEM),
is used for imaging of biological specimen and allows us to put the biomolecular
context provided by fluorescence microscope into the specimen’s ultrastructural
context provided by the electron microscope. However, while electron microscopy
(EM) creates images at nanometre resolution, fluorescence microscopy (FM) is
typically limited by the diffraction limit to hundreds of nanometers of resolution.
This leads to a significant discrepancy in resolution when combining both image
modalities. Thus, the application of CLEM is limited. This is especially the case for
integrated CLEM, as the resolution of FM in non-integrated systems can be increased
to tens of nanometres using conventional superresolution (SR) techniques. While
there are a few reported cases of SR in integrated systems, overall, the techniques
are limited due to a limited amount of space for complex excitation techniques,
or stringent limits on the blinking of fluorescent molecules used for localization
microscopy (LM) imposed by the vacuum of the EM. Finding new ways to make
fluorescent molecules blink in a controlled fashion in the vacuum of an electron
microscope would resolve all the issues mentioned above.

The goal of this thesis is to manipulate fluorescent molecules using low energy
electrons for superresolution microscopy in the vacuum of a scanning electron mi-
croscope (SEM). By manipulating these molecules, and understanding the electron-
induced effects, a versatile platform for LM could become available. Using low
energy electrons of a few electronvolts, the different electron-induced mechanisms
induced would become limited and thus more controlled. For all of this to work,
a setup suitable for integrated CLEM, with electron energies available down to a
few eV needs to be built. Furthermore, the electron-induced mechanisms for fluo-
rescent molecules, and their effects on the fluorescence should then be understood,
characterized, and verified as suitable for LM.

In chapter 2, we show how we modified a commercially available platform for
integrated microscopy to achieve electron landing energies down to 0 eV, with 0.3
eV energy spread. For this we use a retarding field by applying a negative voltage
to the setup’s stage. We show by reflecting the electron beam and detecting it with
an in-column detector that we can determine the electron beam’s landing energy
and energy spread. In addition to this, we show that the setup improves the signal
acquired for tissue sections optimized for simultaneous correlative microscopy.
These tissue sections often have lower signals than samples optimized for one
imaging modality only. For in-resin samples especially, this leads to poor EM signal
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xii Summary

for tissue sections of 100 nm thick or thinner. Using the negative stage bias we show
that these in-resin CLEM samples can be imaged without extremely long dwell
times or high beam currents even for ultrathin (50 nm) sections.

We use the setup presented in chapter 2 to study the effect of different electron
landing energies down to a few eV on different fluorescent molecules in chapter 3.
We find that fluorescent molecules can act as reporters for different electron-molecule
reaction mechanisms. We show how electron irradiation of perylene-diimide (PDI),
leads to a remarkable recovery in fluorescence after electron irradiation. We monitor
this recovery continuously for different electron landing energies down to 0 eV and
find based on the strength of the recovery component that electron-attachment to a
transient anionic dark state is the main contributor to this process. This transient
dark state can be manipulated by depositing the emitters on a conducting substrate,
or by using a different dye of which the anionic dark state can be excited using a
different excitation wavelength. With Rhodamine B ITC, we show an instantaneous
recovery of the electron-induced dark state close to 0 eV landing energies using a
short 405 nm excitation. Finally, we also demonstrate the versatility of low-energy
electron irradiation by showing a dye that increases in fluorescence after electron
irradiation.

Based on the electron-induced dynamics reported in chapter 3, we aim to deter-
mine what sort of strategy would be feasible for superresolution microscopy in
the vacuum of a SEM. In chapter 4, we assess the resolution and quality of the
reconstructed images of different molecular arrangements using simulations and
different localization microscopy analysis techniques. We studied how extended
photobleaching lifetimes in vacuum could improve easy-to-implement bleaching
assisted localization techniques, or how low energy electron induced fluorescence
fluctuations could be distinguished using Haar wavelet kernel filters and used to
improve the resolution. We find that the latter approach results in both higher reso-
lution and number of correct localizations, even if the photoswitching is switched
off and only photobleaching occurs. We also propose new techniques relying on
sparsity in each frame using instantaneous photoswitching of electron-induced dark
states, or by temporarily switching emitters on with electrons. In general, we find
that these approaches lead to a higher resolution of tens of nanometres, but that
the current experimentally available photoswitching parameters are insufficient for
resolving small molecular arrangements down to tens of nanometres.

The results presented in chapter 4 show promising prospects for superresolution
microscopy in the vacuum of a SEM. However, with the setup presented in chapter
2, and the currently experimentally verified photoswitching parameters, resolutions
down to tens of nanometeres are still unfeasible. In chapter 5, we show an integrated
microscope modified by having a laser and easy to customize excitation and imag-
ing path. The increased laser power should allow for higher accuracy localizations,
but also allows for faster image acquisition. By then introducing a photomultiplier
tube in the imaging path, we can monitor the electron induced dynamics down to
sub-milliseconds timescales. Using the experimental approach presented in chapter
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3, we quantify the fluorescence recovery timescales of perylene diimide for electron
landing energies ranging from 1000 eV down to 2 eV. We find that the fluorescence
recovery can be described with a double exponential behaviour characterized by
time constants varying between 5-150 ms and 0.2-2s, respectively. For 2 eV electron
landing energy, close to the resonance energy of electron attachment, we find a re-
duction in the slower exponential recovery term. Potential mechanisms responsible
for these observed dynamics and follow-up experiments are then discussed.

With the results presented throughout this thesis we show how low energy electrons
could be used to manipulate fluorescent molecules to achieve higher optical resolu-
tions in an integrated light- and electron microscope. While the first steps have been
made, considerable effort needs to be made to (i) understand the electron-induced
dynamics and optimize fluorescent dyes, and (ii) to perform the electron-induced
dynamics on biological specimen. In our outlook chapter, we discuss experimental
approaches for these next steps, and other applications of low-energy electrons
outside of superresolution microscopy in integrated microscopy.






Samenvatting

De combinatie van licht- en elektronenmicroscopie maakt het mogelijk om twee
verschillende soorten informatie te combineren. Deze manier van afbeeldingen
maken, genaamd correlatieve licht- en electronenmicroscopie (CLEM), wordt ge-
bruikt om plaatjes te maken van biologische monsters waarbij de biomoleculaire
informatie geleverd door fluorescentiemicroscopie wordt aangevuld met informatie
over de ultrastructuur door de electronenmicroscoop. Elektronenmicroscopie (EM)
kan plaatjes leveren met nanometer resolutie, maar de informatie van fluorescen-
tiemicroscopie is normaliter gelimiteerd tot resoluties van honderden nanometers
door de diffractielimiet. Dit zorgt voor een enorm verschil in resolutie wanneer
beide plaatjes gecombineerd worden. De toepassing van CLEM is dus beperkt.
Dit is met name het geval voor geintegreerde CLEM, omdat de resolutie van niet
geintegreerde systemen relatief makkelijk verbeterd kan worden door middel van
wijd gebruikte superresolutie (SR) technieken. Alhoewel er een aantal voorbeelden
zijn van SR in geintegreerde systemen, wordt het nog steeds niet veel toegepast om
meerdere redenen. Dit komt door de beperkte ruimte in de opstelling waardoor
het moeilijk is om complexe excitatietechnieken uit te voeren. Ook is het knipperen
van fluorescente moleculen nodig voor localisatiemicroscopie (LM) beperkt door
het vacuum van de electronenmicroscoop. Alternatieve methoden om fluorescence
moleculen gecontroleerd te laten knipperen in een vacuiim zouden deze eerder
genoemde problemen kunnen oplossen.

Het doel van dit proefschrift is om fluorescente moleculen te manipuleren met
laag-energetische electronen om superresolutie microscopie te kunnen toepassen
in het vaculim van een raster electronenmicroscoop (SEM). Door enerzijds deze
moleculen te manipuleren en anderzijds chemische processen veroorzaakt door
electronen te begrijpen kan LM mogelijk beschikbaar worden. Wij doen dit door
laag energetische elektronen met een energie van een paar electronvolt te gebruiken,
waardoor verschillende electron-geinduceerde processen onbeschikbaar worden.
Hiermee zouden wij dus de geinduceerde processen kunnen controleren. Om deze
energieén te bereiken moet er een opstelling gebouwd worden die geschikt is voor
geintegreerde CLEM met electron landingsenergieén tot aan een paar electronvolt.
Daarna moeten de electron geinduceerde processen voor fluorescente moleculen
begrepen worden en hun effect op de fluorescentie moet gekarakteriseerd worden.
Daarnaast moet bepaald worden of deze processen geschikt zijn voor LM.

In hoofdstuk 2 laten wij zien hoe een commercieel beschikbaar platform voor ge-
integreerde CLEM aangepast kan worden om landingsenergieén tot 0 eV met een
spreiding van 0.3 eV te bereiken. Hiervoor gebruiken wij een vertragend elektrisch
veld dat de electronen afremt door een negatief voltage aan te leggen aan de stage
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xvi Samenvatting

van de microscoop. Wij laten zien door de electronenbundel te reflecteren en te
detecteren met een in-column detector dat de landingsenergieén en energiesprei-
ding bepaald kunnen worden. Ook tonen wij aan dat onze opstelling het signaal
van weefselsecties geoptimaliseerd voor simultane correlatieve microscopie kan
verbeteren. Dit soort secties hebben typisch een lager signaal dan wanneer ze geop-
timaliseerd zouden zijn voor één soort microscopie. Voor in-resin secties betekent
dit dat het EM signaal zeer slecht is voor diktes van 100 nm of dunner. Door het
negatieve voltage aan te leggen, laten wij zien dat deze CLEM weefsels in beeld
gebracht kunnen worden zonder extreem lange scantijden of hogere bundelstromen
te gebruiken, zelfs voor 50 nm dikke secties.

Met de opstelling van hoofdstuk 2 bestuderen wij het effect van verschillende
electron landingsenergieén tot een paar electronvolt op verschillende soorten fluo-
rescente moleculen in hoofdstuk 3. Wij nemen waar dat fluorescente moleculen als
sensor kunnen dienen voor verschillende electron-molecuul interacties. Wij laten
zien hoe de fluorescentie van peryleen-diimide reageert op elektronenbestraling
door eerst uit te gaan waarna een langdurig herstelproces van de fluorescentie
volgt. Door dit gedrag na elektronenbelichting voor verschillende landingsenergi-
een tot 0eV, continu te monitoren (na de elektronenbelichting voor verschillende
landingsenergieén tot 0 eV) en de sterkte van het herstel te bekijken concluderen
wij dat een "electron-attachment’ naar een tijdelijke donkere toestand van het anion
verantwoordelijk is voor dit proces. Deze tijdelijke donkere toestand kan gemanipu-
leerd worden door moleculen te deponeren op geleidende oppervlaktes, of door
een molecuul te gebruiken waarbij de donkere toestand geéxciteerd kan worden
met een andere excitatiegolflengte. Wij tonen een instantaan herstel van de electron
geinduceerde donkere toestand van rhodamine B isothiocyanaat aan door een korte
excitatie met 405 nm golflengte. Als laatste demonstreren wij de brede toepassing
van deze methodiek door fluorescente moleculen aan te zetten met bestraling van
de electronenbundel.

Gebaseerd op de resultaten gepresenteerd in hoofdstuk 3 proberen wij te bepalen
wat haalbare methodes zijn voor superresolutie microscopie in het vacuiim van een
SEM. In hoofdstuk 4, bepalen wij de resolutie en kwaliteit van door superresolutie
gereconstrueerde plaatjes voor verschillende moleculaire structuren door middel
van simulaties en verschillende superresolutie methodes. Wij hebben bestudeerd of
langere ‘fotobleek’ tijden in vacutim de makkelijk te gebruiken ‘bleaching assisted
localization’ techniek kan verbeteren, en of fluctuaties in de fluorescentie door be-
straling met laag energetische electronen individuele moleculen kan onderscheiden
door middel van Haar wavelet filters. Wij laten zien dat de laatstgenoemde techniek
tot een hogere resolutie en een hoger aantal correcte localisaties leidt. Hiernaast
stellen wij nieuwe methodes voor om schaarste van emitters te krijgen in camera
frames door middel van het instantaan aanschakelen van electron-geinduceerde
donkere toestand, of door middel van het tijdelijk aanschakelen van de emitters.
Voor beiden vinden wij dat de resolutie kan schalen tot tientallen nanometers, maar
dat de huidige experimenteel beschikbare fluorescente moleculen onvoldoende zijn
om dit te behalen.
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De resultaten gepresenteerd in hoofdstuk 4 zijn veelbelovend voor superresolutie
microscopie in het vacutim van een SEM. Echter, met de opstelling van hoofdstuk
2, en de huidig geteste fluorescente moleculen, is de resolutie van tientallen nano-
meters nog niet haalbaar. In hoofdstuk 5 laten we een geintegreerde microscoop
zien die aangepast is voor laserbelichting en met optische paden die makkelijk
aanpasbaar zijn. Het hogere laservermogen zou het mogelijk moeten maken voor
hogere localisatie accuratesse, maar ook om sneller plaatjes te schieten. Door ook
nog eens een fotomultiplicator te gebruiken tonen wij aan dat electron-geinduceerde
processen tot in de sub-milliseconde schaal gevolgd kunnen worden. Met de metho-
diek van hoofdstuk 3 kwantificeren wij de tijdschalen van het herstel in fluorescentie
van perylene diimide voor electron landingsenergieén van 1000 eV tot 2 eV. Wij
observeren dat het herstel beschreven kan worden met een dubbele exponent met
tijdsconstantes tussen 5-150 ms en 0.2-2 s. Voor 2 eV landinsenergie, dichtbij het
resonante punt van electron-attachment, zien wij een daling in de tijdsconstante van
de langzame term. Wij bediscussiéren verschillende mechanismen die verantwoor-
delijk kunnen zijn voor de geobserveerde dynamica en suggereren experimenten
om mee op te volgen.

Met de resultaten, gepresenteert in dit proefschrift, laten wij zien hoe laag energeti-
sche electronen gebruikt kunnen worden om fluorescente moleculen te manipuleren
om zo hogere optische resoluties te behalen in een geintegreerde licht- en electronen-
microscoop. Alhoewel de eerste stappen zijn gezet moet er nog verder begrip voor
de electron geinduceerde dynamica verkregen worden. Ook moeten fluorescente
moleculen geoptimaliseerd worden en de electron geinduceerde dynamica moet ge-
test worden op biologische monsters. In het outlook hoofdstuk bediscussiéren wij de
verschillende experimentele stappenen andere toepassingen van laag energetische
electronen in geintegreerde microscopen buiten geintegreerde microscopie.






Introduction

Microscopy is an essential technique for many areas of science and technology:.
As it allows us to see things we cannot discern with the naked eye, it has been a
driver for scientific discovery since the very first optical lenses were made. Starting
with Antoni van Leeuwenhoek, microscopes allowed the observation of living
micro-organisms which eventually led to the emergence of the scientific field of
microbiology. Ever since then, microscopes and techniques have been further
developed to visualize the intriguing world at the smallest length scales. These tools
have been indispensable for our current understanding of the processes underlying
life and the origin of various diseases.

Fluorescence microscopy (FM) and electron microscopy (EM) are two well-established
imaging modalities for inspecting biological specimen. Fluorescence microscopy re-
lies on optically imaging fluorescent molecules that are labelling specific biomolecules
in the specimen. Multiple different fluorescent molecules can be used to target dif-
ferent biomolecules at once and can be distinguished based on different excitation
and emission wavelengths. This results in multi-colour images where from the
expression of fluorescence one can deduce information about the presence and the
whereabouts of these biomolecules within the cell. This may give information, about
for example the function of a protein and its involvement in different biological
processes. While FM is often used, in some cases it provides the wrong type or
insufficient information. In those cases, EM could be an alternative.

The main advantage of EM is its superior resolution in comparison to FM. FM uses
visible or near-visible light, which typically limits resolution to a few hundreds of
nanometres by diffraction. EM instead relies on the interaction of an electron beam
with a sample material to retrieve the needed information. The diffraction limit for
electrons is well below a nanometre and in practice, EM is limited by aberrations
instead of diffraction. In scanning electron microscopy (SEM), a nanometre focused
electron beam scans the sample and generates scattered electrons from the sample
[1]. Biological specimen are typically cut in thin sections for inspection with EM,
where one or multiple of these sections are then completely or partially scanned.
In such a section from a biological specimen, staining agents are used to increase
differences in the number of scattered electrons and thus create signal and con-
trast within the cell. These staining agents typically accumulate in membranes or
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2 1. Introduction

specific biological organelles. As a result, SEM provides images displaying the ul-
trastructure of the cell at nanometre resolution. Both imaging methods thus provide
different sorts of information: FM provides information about the whereabouts of
biological molecules and SEM provides nanometre-resolution information about
the ultrastructure [2].

1.1. Integrated light and electron microscopy

By overlaying FM data on top of the SEM information we can gain insight in the
locations of biological molecules within the high-resolution ultrastructural context.
This is also known as Correlative Light and Electron Microscopy (CLEM). CLEM
has been used for mapping connections between synapses while simultaneously
providing information on its bio-molecular composition [3-5] and has been used in
research of cancer and viral infections. [6, 7]. CLEM can also be used to find a region
of interest for high-resolution EM based on intravital observation or live-cell FM
[8, 9]. Especially in recent years, interest in and use of CLEM has been increasing
rapidly [2].

CLEM is typically conducted by transferring a sample between FM and (S)EM sys-
tems. In the past years, integrated microscopes have been developed that combine
the two modalities in a single system [10]. Potential benefits of integrated micro-
scopes are that one does not have to relocate a region of interest observed in one
microscope in the other and that there is no risk of sample loss or sample contami-
nation during transfer. Moreover, in an integrated FM and SEM as developed at the
TU Delft [11], images from both modalities can be overlaid with nanometre-range
accuracy in an automated fashion [12]. Such a high overlay accuracy would be
particularly beneficial if one wants to locate the biomolecules visualized with FM
very precisely within the nanometre-resolution landscape that is obtained with SEM.
However, as conventional FM is limited by diffraction, this benefit for pinpointing
molecules becomes blurred out by the limited resolution of FM.

1.2. Superresolution imaging for integrated correlative mi-
Croscopy

The diffraction limit in optical images can be circumvented using superresolution
(SR) microscopy. Here, the hundreds of nanometres-resolution can be improved to
resolutions of tens of nanometres by using various techniques. We can divide these
techniques into two general types. The first type relies on spatially discriminating
fluorescent molecules by non-linear excitation techniques. A popular technique here
is Structured Illumination Microscopy (SIM), which utilizes non-uniform illumina-
tion patterns that feature sinusoidal intensity variations in 1 or more dimensions
to increase the resolution ideally by a factor two [13, 14]. Other more complex
techniques, such as STED [15], use an additional donut-shaped illumination profile
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that depletes part of the fluorescence via stimulated emission and can thus increase
the resolution further up to tens of nanometres. The second general type of SR relies
on discriminating different fluorescent molecules in time by creating spatial sparsity
in the individual time frames. This allows for localizing each molecule’s position by
fitting the microscope point spread function. These localization microscopy (LM)
techniques, such as PALM or STORM [16, 17], rely on induced or stochastic fluctua-
tions in the fluorescence intensity such that different molecules can be resolved at
different points in time. To achieve the highest resolution, a substantial number of
fluorophores needs to be ‘dark’ in each time frame such that you only have a sparse
amount fluorescing in each image. This means that molecules should spend a long
time in a dark state and spend only a small fraction in an ‘on’-state. Furthermore,
for high-accuracy fitting of the point spread function you need a maximal amount
of signal for the particles that are on. [18] In essence this means that fluorophores
should have long-lived dark states but have stable fluorescence during the time that
they are on to maximize the yield.

Combining SR with CLEM would be very beneficial as the increased resolution
of SR partially lifts the imbalance in resolution between FM and EM. Since the
sample preparation for EM generally quenches the fluorescence and creates strong
background autofluorescence, SR and EM imaging is often performed sequentially.
Here, the SR image is acquired first after which the EM sample preparation steps and
imaging are performed. [19] When performing these modalities in separate steps
and devices, a good overlay is difficult to obtain since the fluorescence signal cannot
be retrieved in the SEM or vice versa. Fiducial markers that generate both FM- as
well as SEM-signal can be used. [20-26] However, whenever fiducial markers are
sparse in a region it may become more difficult to acquire an accurate overlay or the
accuracy may depend on the number of fiducials locally present. Rather, a user may
want an accurate or consistent overlay anywhere on the specimen. Furthermore,
intermediate sample preparation steps such as dehydration may cause distortions
in the sample that can give rise to additional inaccuracies in the final overlay [19].
This can be circumvented by preparing the sample for EM before the SR imaging
step [2], but this does not solve the dependency on fiducial markers. Integrated
microscopes address this issue, as high accuracy overlays can be achieved without
the use of any fiducial markers [12].

SR microscopy is nowadays a feasible approach in conventional optical microscopy
but is generally not applicable in integrated CLEM. SIM or STED requires compli-
cated optical setups which are difficult to realize in integrated CLEM since it needs
to be integrated within a limited space in a SEM. PALM or STORM, require less
complicated setups, but are troubled by controlling the long-lived dark states and
high signals required for SR FM. These dark states originate from transitions to
the triplet state [27] or radical ion states formed through electron transfer with the
environment [28, 29]. In conventional FM, these dark states and high signals are
obtained putting the sample in a buffer solution. [30-32] However, for integrated
CLEM a buffer wouldn’t work due to the vacuum requirement of the SEM. Despite
this, there have been a few demonstrations of SR microscopy in integrated CLEM
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setups. SR FM has been performed on (i) GFP and YFP by cycling water vapour in
an environmental SEM such that blinking occurs [33], and (ii) on Alexa 647 in the
vacuum of a TEM [34]. Finally, (iii) SRRF, a technique relying on localization based
on fluctuations of molecules for non-sparse emitter densities [35], has been used to
improve the resolution in an integrated system [36]. Each of these techniques has
different disadvantages such as (i) requiring a specific type of (environmental) SEM,
(ii) relying on one specific dye or (iii) having both a 60 nm resolution at best and
being prone to reconstruction artefacts [37]. Due to these complications, there is still
a large interest in alternative superresolution techniques that are more generally
applicable in integrated CLEM.

A first approach that has been pursued to obtain higher optical resolution in inte-
grated CLEM was to locally bleach molecules using the focussed electron beam. The
nanometre-sized electron probe will bleach molecules in its close vicinity, due to low
energy electrons generated by inelastic scattering events that damage the exposed
molecules [38, 39]. By tracking the resulting loss in fluorescence as a function of
the electron beam scan position, a higher resolution fluorescence image defined
by the interaction range of the focused probe can then be reconstructed. Prelimi-
nary demonstrations of this technique have indicated a reconstructed resolution
of approximately 100 nm might be reached [40]. This technique does not require
any additional optical or SEM components and would therefore be an attractive
alternative for SR in integrated CLEM. There are however some disadvantages
to this technique. First, application of the technique is irreversible, since the in-
duced bleaching results in a permanent loss of fluorescence signal from the sample.
Second, the bleaching-induced differences in intensity are tracked by subtracting
consecutive fluorescence images. This image subtraction leads to a square root of
2 reduction in the signal-to-noise ratio and will thus cause more molecules to be
drowned in background signal. Third, electron irradiation of biological specimen
leads to a dose-dependent increase in background luminescence [41], thus giving
rise to an increasing background signal during the measurement. Finally, the resolu-
tion obtained so far is still lower compared to techniques like (d)STORM. Therefore,
alternative superresolution techniques that could be applied in an integrated light
and electron microscope might be needed.

Exploiting the interaction of the (focused) electron beam with the fluorescent sample
is arguably the most rewarding approach for novel SR FM techniques for integrated
microscopy. Alternative electron beam actions other than plain bleaching, such
as induced blinking or preferably a switch-on, would then be needed. Most of
the reaction products that follow electron beam irradiation are expected to lead to
dissociated or non-fluorescent end products. This makes the local bleaching by a
focussed electron beam a natural choice for achieving higher optical resolutions yet
has the above-mentioned drawbacks. However, our understanding of the different
pathways that contribute to this dissociation in-situ in an electron microscope is still
limited, especially for electron beam irradiation in the keV range where it creates a
cascade of inelastic scattering processes leading to dissociation. If we could better
understand and direct the particular reaction pathways that these organic molecules



1.3. Electron-induced chemistry for integrated localization microscopy 5

undergo, inhibits the potential to manipulate the molecules to switch fluorescence
on or off. Somewhat analogously to how buffer solutions control temporary dark
states by forming radical anions [28, 29], electron irradiation could then perhaps
mediate the switching of fluorescent molecules.

1.3. Electron-induced chemistry for integrated localization
microscopy

Dissociation products generated by inelastic electron scattering events have been
thoroughly studied for molecules in the gas-phase. By studying the reaction end-
products as a function of electron energy, three general mechanisms for electron-
induced reactions have been found. Each of these intermediates have different
dissociation pathways and have distinct dependencies on the energy E of the incom-
ing electron [42—44], namely:

e Ionization: the incoming electron ejects an electron from the molecule leaving
behind a positively charged ion (E > 7eV). The ionized molecule can dissociate,
depending on the stability of the molecular state.

* Excitation: the incoming electron excites the molecule. Depending on the
energy transferred, the molecule can dissociate into two oppositely charged
fragments (E > 10 - 15eV), dissociate by bond breakage (E > 4 - 6eV), or relax
to the ground state by photon or phonon emission.

¢ Electron attachment (EA): an incoming electron is captured by the molecule
when the electron energy and a molecular energy level match (typically E <
15eV). This is a resonant process and, depending on the stability of the new
molecular state, can either result in dissociation of the molecule, detachment
of the electron or relaxation by photon emission or energy transfer to the
environment to form a stable negative ion.

An alternative approach to understanding electron-molecule reaction mechanisms
is to study the behaviour of fluorescent molecules under electron irradiation. Unlike
gas-phase experiments, the main objective here would be to observe the intermedi-
ate reaction dynamics and identify the potential long-lived reversible intermediates.
This is the starting goal of this thesis. By tuning the energy of the incoming elec-
trons to a few eV we then aim to discern between different events based on the
mechanisms mentioned above. The generated intermediates could then be further
manipulated with electrons, photons, or the sample substrate. In this way, we
hope to shed new light on degradation and reaction dynamics that occur under
electron irradiation, which could ultimately help us develop a new superresolution
imaging toolbox suitable for integrated CLEM that will allow for high-resolution
fluorescence imaging in the context of biological ultrastructure.
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1.4. Outlook

In this thesis, we explore the possibility of manipulating fluorescent molecules with
low-energy electrons for superresolution microscopy in integrated microscopy. To
achieve this, we study the electron-molecule reaction mechanisms of fluorescent
molecules down to a few eV in an integrated microscope. To obtain low-energy
electrons inside the integrated microscope, we apply a negative stage bias between
the sample and the electron microscope’s objective lens. The setup modified for
a stage bias implementation and the calibration method for the electron landing
energies close to 0 eV is discussed in chapter 2. We use this setup to irradiate different
fluorescent molecules at different electron landing energies. In chapter 3 we show,
using low-energy electrons, that long-lived transient anions of perylene diimide can
be formed with electron attachment and monitored using fluorescence microscopy.
In addition, we show that for the dye Rhodamine B ITC we can instantaneously
revert the electron induced dark state with 405 nm excitation and that Alexa Fluor
594, a dye commonly used for labelling of biological specimen, partially switches
on after electron irradiation. Next, we simulate the possibilities of LM techniques
suitable for integrated microscopy in chapter 4. For this we simulate current easy to
implement LM techniques, and potential electron induced techniques based on the
results found in chapter 3 of this thesis. Finally, chapter 5 discusses a modified laser
integrated setup that generates higher amount of fluorescence signal and allows
for lifetime characterization fluorescence dynamics down to the sub-millisecond
regime.



Retarding Field Integrated Fluorescence
and Electron Microscope

We present the application of a retarding field between the electron objective lens and
sample in an integrated fluorescence and electron microscope. The retarding field
enhances signal collection and signal strength in the electron microscope. This is
beneficial for samples prepared for integrated fluorescence and electron microscopy
as the amount of staining material added to enhance electron microscopy signal is
typically lower compared to conventional samples in order to preserve fluorescence.
We demonstrate signal enhancement through the applied retarding field for both
80nm post-embedding immuno-labelled sections and 100nm in-resin preserved
fluorescence sections. Moreover, we show that tuning the electron landing energy
particularly improves imaging conditions for ultrathin (50nm) sections, where
optimization of both retarding field and interaction volume contribute to the signal
improvement. Finally, we show that our integrated retarding field setup allows
landing energies down to a few electronvolts with 0.3eV dispersion, which opens
new prospects for assessing electron beam induced damage by in-situ quantification
of the observed bleaching of the fluorescence following irradiation.

This chapter has been published as Vos, Yoram, et al. "Retarding field integrated fluorescence and electron
microscope.” Microscopy and Microanalysis 27.1 (2021): 109-120.

7
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2.1. Introduction

Many different forms of hybrid or integrated light and electron microscopes, which
combine the strengths of two different types of microscopy into a single apparatus,
have been introduced in recent years [10]. The main purpose of these microscopes
is to facilitate the process of correlating data obtained with the two modalities [2, 11,
45, 46]. Alternatively, integrated microscopes can be used to enable new microscopy
techniques that can circumvent limitations of either of the stand-alone techniques
[47,48]. A third potential use of integrated microscopes, which so far has received
only little attention, is to use the integrated light microscope to in-situ monitor
sample changes induced by the electron microscope [49, 50].

In many cases, the integration puts restrictions on the capabilities of one of the
integrated modalities as compared to a stand-alone system. We have previously
presented an integrated system with fluorescence and scanning electron microscopy
(SEM) that, in contrast to several integrated modalities, maintains many of the key
characteristics of the stand-alone microscopes. These include high-resolution and
magnetic immersion SEM, high numerical aperture fluorescence microscopy (FM)
[10], flexibility in fluorescence excitation and detection schemes [51-53] including
super-resolution [33, 36], a wide choice of EM detectors, and the possibility of using
microfluidic enclosures for observing samples in liquid [54]. However, the use of
electrostatic immersion, the application of a retarding or deceleration field between
electron objective lens and sample, has so far not been demonstrated in an integrated
microscope. Nevertheless, as we will detail below, the application of a retarding
electrostatic field may have several key advantages, both for integrated correlative
light and electron microscopy (CLEM) and for studying electron-matter interactions
with in-situ light microscopy.

In SEM, a retarding field may be applied for several reasons. In low energy (<10
keV) microscopy, electron deceleration is particularly useful as it allows for higher
resolution imaging relative to when the primary beam is brought to its final energy
as it exits the objective lens [55]. For biological specimens, such as 100 nm or thinner
tissue sections, this is particularly important as low energies (1-5keV) are typically
preferred to optimize the electron interaction volume to the thickness of the sample.
Also, the electron landing energy may be tuned to selectively image at a specific
depth in the sample, instead of the entire depth of the tissue section [56, 57]. Another
advantage of a retarding field is the acceleration of signal electrons towards detectors
underneath the objective lens or in the electron column, which may improve signal
collection or allow discrimination between different signals [58, 59]. For (integrated)
CLEM,, this could be particularly beneficial as the EM contrast in samples prepared
for CLEM is typically weaker compared to conventional EM sample preparation due
to e.g. the lack of on section post-staining or reduced concentrations of osmium in
order to preserve fluorescence [2, 60, 61]. Osmium is used as a fixative and staining
agent in biological EM, but it also quenches fluorescence [62, 63]. By improving
signal collection, a retarding field could thus help improve signal and contrast in
CLEM for samples that have been weakly stained in order to preserve fluorescence.
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An additional reason why a retarding field integrated microscope may be beneficial
relates to a potential new technique for observing and understanding electron-
matter interactions. In CLEM, it is well known that electron beam exposure leads to
rapid loss, or bleaching, of fluorescence due to destruction of the organic fluorescent
molecules. Therefore, in a CLEM experiment, fluorescence microscopy is always
conducted prior to electron microscopy investigation. In addition, electron beam
irradiation of organic materials leads to cross-linking, which can in turn induce
electron dose-dependent fluorescence in the exposed material [64-67]. Monitoring
the sample with fluorescence microscopy during electron irradiation could shed
more light on the nature and dynamics of these reactions. The bond scission and
cross-linking are predominantly caused by the low-energy secondary electrons
[44] that are generated because of inelastic scattering of the higher energy primary
electrons. Thus, for this purpose it would be beneficial to be able to reduce the
impinging electron energy to the few-eV energy range of the secondary electrons, so
that the contribution of a particular electron energy range could be directly studied.
Alternatively, imaging with an electron beam energy below 100eV could potentially
reduce the number of secondary electrons in the sample and thus reduce sample
damage.

Here, we report the implementation of an integrated fluorescence and scanning elec-
tron microscope with a retarding field for electron landing energies down to a few
eV. We solely bias the sample, thus maintaining the capability of performing high
numerical aperture, i.e. low working distance, fluorescence microscopy without
the need to entirely bias the fluorescence microscope objective lens or microscope
chassis. Using a high numerical aperture lens is important as this translates to
higher resolution imaging and higher photon collection efficiency. We show the
energy calibration of our integrated fluorescence retarding field set-up at few eV
energies and provide initial examples of both contrast improvement in integrated
CLEM with a retarding field, and the measurement of electron-energy dependent
fluorescence bleaching down to a few eV landing energy.

2.2. Materials and Methods
2.2.1. CLEM samples

Rat pancreas tissue from a BB rat was fixed and immunolabeled as described
previously [68]. In brief, tissue was fixed in 4% para-formaldehyde and 0.1%
glutaraldehyde followed by a postfixation with 1% osmiumtetroxide/1,5% potas-
siumferrocyanide. The tissue was embedded in EPON (SERVA). Ultrathin (80nm)
sections were cut and collected on ITO glass (Optics Balzers). The sections were
incubated with guinea pig anti-insulin antibody (Invitrogen lot #5E2381176) fol-
lowed by a biotinylated donkey anti-guinea pig secondary antibody (Jackson -IR lot
#137834) and finally a streptavidin conjugated Alexa 594 (Jackson-IR lot# 016-580-
084). Subsequently the samples were stained with Hoechst 33258 (Sigma Aldrich lot
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BCBF4593v).

Human cervical cancer epithelial (HeLa) cells transfected with GFP-C1 were high
pressure frozen, freeze substituted and embedded in HM?20 resin as previously
described (Peddie et al. 2014a). Serial ultrathin sections of 100 nm and 50 nm
thicknesses were cut from the polymerized resin blocks using a 45-degree diamond
knife (Ultra Jumbo, Diatome) and collected directly on ITO coated coverslips.

2.2.2, CLEM imaging

All FM and EM imaging was conducted with an integrated microscope (Verios SEM
FEI, Eindhoven, the Netherlands) equipped with a SECOM fluorescence microscope
(Delmic, Delft, the Netherlands) that was modified to apply a retarding field as
described in detail in the corresponding section. All further details of the microscope
and its various components can also be found in that section.

FM images were acquired prior to EM to prevent bleaching by the electron beam.
Hoechst and Alexa images were acquired sequentially using an excitation wave-
length of respectively 405 nm and 555 nm, with a 10 s camera exposure time and
using a 60x 0.7NA long working distance objective lens (Nikon CFI S Plan Fluor
ELWD 60XC).

EM images on rat pancreas samples were acquired in UHR-mode with the circular
backscatter detector (CBS) using a current of 0.4 nA, a dwell time of 3 ps and 5
mm working distance. The primary beam energy was varied such that the landing
energy was 1.5 keV with the applied bias. The signal on all four segments of the
CBS detector was summed. Throughout the images, the gain of the detector was
changed to prevent clipping of the EM signal.

EM images on HeLa cells were acquired also in UHR mode with the CBS detector, a
current of 0.4 nA, pixel dwell time of 5 ns and working distance of 5 mm, unless
explicitly stated otherwise.

In all EM images, the contrast was inverted to resemble TEM-like contrast as is
typical for tissue sections in biological SEM.

2.2.3. Fluorescence samples and bleaching experiments

Microscopy cover glass slides (no. 1 thickness) coated with approximately 10 nm of
indium tinoxide (ITO) (Optics Balzers AG, Balzers, Liechtenstein) were used as a
sample support. The ITO-surface was coated with 6 nm of A1203 via atomic layer
deposition to prevent quenching of the fluorescence (Moerland et al. 2016). A 60
1M solution of tetraphenoxy-perylene diimide in toluene was then dispensed on
the coated glass slide until it was fully covered and spincoated at 2000 rpm to form
a homogeneous layer.
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The glass slide coated with the fluorescent dye was then fixed onto the sample carrier
ring and mounted in the integrated microscope. FM excitation was done using 555
nm excitation wavelength LED source (Omicron Laserage, Rodgau-Dudenhofen,
Germany) and a power of 30mW at the sample plane. A brightline Pinkel filterset
optimized for DAPI, FITC, TRITC, & Cy5 was used. Imaging was performed with a
250 ms exposure time using a Zyla 4.2 plus sCMOS camera (Oxford Instruments).
For EM a 27x27 pm? area was scanned with 1 keV primary electron beam energy, 13
PA current and a 1 ps dwell time. The electron beam monochromator was used, and
the stage bias was adjusted to perform experiments with landing energies ranging
from 1 keV to 5 eV. Each experiment was repeated 9 times per landing energy.

2.3. Results and discussion

2.3.1. The Retarding Field Integrated Microscope

Our main requirements for the retarding field EM setup with integrated fluorescence
microscope are: (i) high efficiency photon detection and high optical resolution, (ii)
EM-signal detection at landing energies of a few eV to calibrate the landing energy
,(iii) being able to apply high voltages without electric discharge. For the high
efficiency photon detection and light microscopy resolution, we wish to use a high
numerical aperture air objective close to our sample. For EM-signal detection close
to 0eV we require a detector above the sample that can detect high energy reflected
electrons or strongly accelerated near 0 eV electrons. Finally, to prevent electric
discharge, distances between biased and grounded regions should be sufficiently
large to allow maximum field strengths of 5kV/mm.

We base our microscope on a standard commercially available SEM with an inte-
grated fluorescence microscope. This combination is schematically illustrated in
Figure 2.1a. The integrated microscope includes an objective lens, which is located
below the sample inside the vacuum. High NA objective lenses have working
distances in the range of millimeters which can lead to electric discharge between
the objective and sample when subject to a strong electric field. Therefore, dif-
ferent objective lenses are used for different voltages. For voltages below -1 kV,
we use a 0.95 NA lens whereas for higher voltages of up to -3kV we use a 0.7NA
lens. The remaining optics for the excitation (green) and emission (red) pathways
are located outside the vacuum of the SEM. The Verios SEM is equipped with an
electron monochromator allowing low energy dispersion, which we will illustrate
and characterize later. Also, the SEM is equipped with a circular backscatter (CBS)
and in-column detector (ICD). The latter allows EM signal detection high up in the
electron column, needed for EM-signal detection close to 0eV. As the fields of view
of both microscopes overlap, simultaneous fluorescence and electron microscopy
simultaneous with EM are made possible.

To implement a negative stage bias, we modify the sample stage of the integrated
microscope. A custom-made top plate is mounted to the sample stage as illustrated
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Figure 2.1: (a) Schematic of the integrated light and electron optical microscope. Green and red indicate
optical excitation and emission pathways respectively. Blue indicates the trajectories of the primary
electrons, the position of the in-column detector is indicated in yellow. Inset shows a schematic view of
the sample stage. An inner ring (IR) is electrically insulated from the outer part of the sample stage (OS)
by PEEK screws (PS). A negative bias is applied between the sample and electron microscope objective
lens (EOL), creating a retarding electric field E. A sample is mounted on an ITO-coated glass slide (ITO),
which is fixed, in electrical contact, to a sample carrier ring (CR), which clamped onto the inner ring.
An optical objective lens (OOL) allows for photon excitation and detection. (b) Top-down view of the
sample stage. (c) Image of the sample stage , showing the location of various components named in b.

in Figures 2.1b and c. This top plate consists of an inner ring that is electrically
insulated by PEEK screws from the rest of the stage. This makes it possible to bias
the central region of the top plate instead of the entire SEM chassis and makes it
safe to handle the door during an applied external high voltage. An external high
voltage source (HCN 35-12500) floated by a 300V power source (Delta Elektronica
E0300-0.1) is wired to the top plate’s inner- and outer region using one of the SEM
vacuum feedthroughs. By using a 1:10 voltage divider to measure the applied
voltage we can apply negative bias potentials with 0.1 V precision. Conductive
ITO-coated glass slides (Optics Balzers) are mounted to a metal ring and clamped to
the inner ring of the top plate, thus obtaining the same voltage as the top plate. The
fluorescence objective lens images the sample through the central hole in the top
plate. Thus, a negative stage bias can be applied while simultaneous optical imaging
can be performed with high numerical aperture fluorescence objective lenses.
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2.3.2. Electron Landing Energy Calibration

In the previous paragraph, we described how we can set the bias voltage with 0.1
V precision. However, small errors in the voltage divider may lead to deviation of
the readout versus the actual set bias. Furthermore, accuracy is not only affected by
the precision of our voltage sources. The ripple of the power supply, work function
differences between electron source and sample, and energy spread in the electron
beam can also affect the final accuracy of the electron landing energy (Ep). For
higher landing energies this is not an issue, however for energies close to 0 eV these
effects become significant. Therefore, we developed a method to calibrate the actual
Er, and the energy spread expected in our measurements. This method is based on
the reflection of the electron beam as Ej, passes through zero.

For Ep, = 0 eV the sample acts like a mirror and electrons are reflected up into the
column (fig. 2.2a). The signal from scattered electrons close to OeV is low, however
when all primary electrons are reflected back up into the column, they will hit
the ICD. Thus, we expect a steep increase in the signal on the detector when we
transition from no reflection to full reflection of the beam. Figure 2.2b shows a
series of ICD images taken with a primary beam energy of 1 keV, 25 pA current
scanning a bare ITO-glass slide with 3 ps dwell time for different stage bias values.
The detector contrast and brightness were set such that neither the reflected nor
the background signals were saturated. First, we see a sudden rise in the detector
signal starting around -996.2V confirming the reflection of electrons. Second, we
see the appearance of several features in the images at different stage bias values,
such as a central dark circle in all images, a large gray disk with a surrounding dark
background at bias values below electron reflection and a small displaced bright
cut-off disk with a barely visible grid-like pattern during electron reflection.

Both the central dark circle and the grid-like pattern are believed to be part of the
solid-sate detector. Since the ICD is located inside the electron column, the primary
electron beam is required to pass through, which is why we observe the central
hole. We believe the grid is part of the solid-state detector possibly used to pull
more electrons into the active layer, thus improving the efficiency of the detector.
A dark gray disk surrounded by a dark background appears in the images before
electron reflection. This is most likely due to electrons scattered from the sample
that reach the ICD. Because we used a low magnification, the electron beam gets
blocked for larger scanning angles resulting in the observed pattern. This effect can
also be observed in a regular SEM without any stage bias involved.

Finally, upon electron reflection we see (i) the dark gray disk disappears in the
images and (ii) it is replaced by a bright cut-off disk. This cut-off disk is displaced
from the image center and smaller with respect to the dark gray disk it replaced.
We attribute the bright cut-off disk to the reflected electrons. Whereas scattered
electrons return with various angles to the detector, upon reflection the angle is
fixed. Thus, scattered electrons can move in a direction toward the optical axis
whereas reflected electrons will always move further from the optical axis than the
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Figure 2.2: (a-b) Illustration of our method to determine the stage potential at which the landing energy
equals 0 eV. If —Vpiss Vpeam the beam will be reflected upwards causing an increase in signal for the
detector high up in the electron column. (c) Images taken with an in-column detector with a 1 keV
primary beam energy, electron beam monochromator and varying sample stage bias such that the electron
landing energies are close to 0 eV. Starting from -996.2V the detector signal increases caused by primary
electron being reflected into the column and consequently hitting the ICD. The central dark spot is the
ICD aperture. (d) Average in-column detector intensity for different applied negative stage bias, with
and without using the electron beam monochromator (UC). The signal increases from 0 to 1, indicating
increasing reflection of the beam when the landing energy passes 0 eV. Arrows indicate the data points
corresponding to the depicted images, dashed lines correspond to 50% detector intensity, taken to be
Ep =0.

incoming beam. Thus, while all reflected electrons might be blocked from returning
in the column at certain beam angles, a fraction of the scattered electrons could
still return—explaining the difference in size between the dark gray and the bright
cut-off disk. The displacement of the bright disk with respect to the central hole
could be due to various reasons. For one, the sample could be slightly tilted, causing
the retarding field to be tilted and thus act like a tilted mirror. The location of the
detector could also be responsible. The detector is located above the deflection
field through which the electrons return. It could be that this deflection field alters
the trajectory of returning electrons resulting in a shift. We note that for a full
understanding, one would simulate how these electrons pass through the column.
However, due to the presence of the deflection field it would become difficult to
simulate as well as interpret which electrons will hit the detector where. Moreover,
for our purpose of calibrating the electron landing energy, the clear increase in signal
intensity locally on the detector when the beam starts to be reflected, serves the
purpose as detailed below.

By taking the average intensities of ICD images with a higher magnification and
normalizing it to the maximum detector signal, an estimate energy spread in the
electron beam can be obtained. We demonstrate this by performing the experiment
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with and without the electron beam monochromator (UC). We define the point of
reflection (E;, =0eV), where the detector intensity reaches 50% full reflection. Looking
at the FW50 of the signal, we extract an energy spread of 1.2 eV (UC off) and 0.3
eV (UC on), respectively. Hence, we are able to determine E; = 0 eV and extract
the expected energy spread in our measurements by reflecting the beam back into
the column. We note that electron reflection does not occur at exactly -1 kV bias,
but at a slightly lower bias value. This is due to the work function difference
between the sample and the Schottky source. The energy spread both with and
without UC are higher than expected for a Schottky source which can be for several
reasons such as ripple of the power supply and carbon deposition during imaging.
Thus, our method is not directly suitable for precisely measuring the beam’s energy
spread, but is however appropriate for estimating the final energy spread in our
measurements.

2.3.3. Signal Enhancement for CLEM Samples

Having established a retarding-field integrated light and electron microscope, we
next illustrate its potential benefit in three applications. First, we look at imaging
biological tissue sections prepared for both fluorescence and electron microscopy. In
Figure 2.3, EM, FM, and the CLEM overlay are shown for 80 nm rat pancreas tissue
labeled with Hoechst and Alexa 594 targeting insulin. All EM images are acquired
with a 1.5 keV landing energy, while the applied stage bias varies from 0 to -1 kV and
the primary beam energy correspondingly from 1.5 to 2.5 kV. All other beam settings
such as dwell time and beam current were kept constant. As can be expected, the
stage bias does not affect the FM images. However, the implementation of the
negative stage bias clearly shows an increase in CBS detector signal. Biological
features, such as cell nuclei (stained with Hoechst and visible in blue in the FM
images) and insulin granules (labeled with Alexa594 and visible in orange in the
FM images) can be discerned in all three EM images (fig. 2.3a,c,e).

Magnified areas of insulin rich regions further illustrate the effect of a stage bias
on EM contrast. At a stage bias of 0 V (fig. 2.3b), the granules are nearly indis-
tinguishable from the background. However, by using a stage bias of -500 V (fig.
2.3d) these insulin granules start to appear more clearly in the images. Increasing
the bias further to -1 kV (fig. 2.3k,f) shows that the contrast improves even further,
making the insulin features crystal clear. To complement information from the
visual appearance of the images, we took 10-pixel wide line profiles across insulin
granules (fig. 2.3g). In case of a 0 V stage bias, the noise levels are indeed too high
to distinguish a feature in the line profile. We see that upon increasing the stage
bias, the noise levels are reduced and that features can be recognized in the line
profile. It is important to note that the noise levels appear reduced due to lowering
the contrast setting of the detector itself to prevent saturation of the signal. Higher
signal thus leads to lowering of the contrast and therefore the noise levels seem to
be reduced while the signal strength appears to be roughly the same.
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Figure 2.3: EM , FM and correlative images of 80nm rat pancreas tissue with Hoechst (blue) and insulin
(orange) labelling for increasing stage bias from 0V (a), -500V (c) and -1000V (e), but with a constant
landing energy of 1.5keV. Insets show EM and CLEM (b, d, f) magnified areas of insulin rich regions.
10-pixel wide line profiles (g) were taken across one or multiple insulin granules (indicated by yellow
lines in the inset), plotted with an increasing offset of -1.5. Scale bars are 5ym and 1um for respectively
the full-scale images and insets. Increasing the negative stage bias leads to an increase in EM contrast,
FM contrast remains the same.

We attribute the improvements in image quality to the acceleration of electrons from
the sample to the detector, since the landing energy and thus the electron interaction
volume remains constant. This can lead to the visualized improvements in two ways.
First, accelerated backscattered electrons hit the solid-state CBS detector with higher
energy and can thus generate higher signal per incident electron [69]. Second, the
upward acceleration by the stage bias decreases the lateral spread of backscattered
electrons, causing more electrons to stay within the solid angle covered by the CBS
detector. In both cases the retarding field leads to an increase in detection signal
per impinging primary electron and ultimately improves the image quality of EM
images.

2.3.4. Improved EM signal for in-resin fluorescence sections

The improvements in signal collection and image contrast for electron microscopy
images can be particularly beneficial if a sample preparation protocol is followed
that is aimed at preserving fluorescence already present in the sample. In this case,
as opposed to the rat pancreas samples used, neither strong fixation with osmium
nor the use of relatively high amounts of heavy metals for staining is possible as this
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would quench the fluorescence. Also, the procedures for resin embedding need to
be modified to prevent full dehydration of the fluorophores, which could also lead
to extraction of the hydration shell and a loss of fluorescence. To illustrate, we used
a sample of HeLa cells expressing Green Fluorescent Protein (GFP), which were
high-pressure frozen and embedded in HM20, following a previously published
in-resin fluorescence protocol aimed at preservation of the GFP fluorescence [61,
70] such that even superresolution localization microscopy could still be conducted
[33].

After mounting the sample in the integrated microscope, GFP signal from the
sample can be clearly identified with the fluorescence microscope (fig. 2.4a,b) at
atmospheric pressure, highlighting the position of cells in the section. Recording
EM images with the CBS detector with a 1.5 keV landing energy, 30 ps dwell time
and the absence of a retarding field as in the example above gives a very weak
signal (fig. 2.4c). However, if a retarding field of -1.5 keV is used, again with
1.5 keV landing energy (fig. 2.4d), the image quality is markedly improved. Cell
membranes and organelles are now much more easily visible despite a factor six
lower dwell time and without any post-processing of the images. We note that the
cell membranes appear patchy in the images. This is most likely caused by the
cell membranes having heterogenous uranyl acetate staining making fluorescence
distribution appear ‘patchy’. FM images were obtained before vacuum pump
down. Previously, GFP fluorescence was recorded at 200 Pa in an environmental
SEM [61], which is not possible in our setup and would also not be advised while
simultaneously applying a retarding field. For this reason an automated overlay
was not possible, and instead the fluorescence overlay on the -1.5 kV stage bias
EM image is done manually (fig. 2.4e,f). The EM images with a retarding field
demonstrate, like the pancreas sections, that the signal in the EM images improves
by the retarding field. One could even argue that the improvement appears to be
stronger compared to the pancreas sections as features of the HeLa cells without a
stage bias are hard to distinguish by eye. Based on these results we can conclude that
a retarding field improves the EM signal for different types of sample preparation.
Hence, the use of a retarding field could provide a way to image samples that under
normal circumstances do not generate a sufficient amount of EM signal.

2.3.5. Landing energy optimization for ultrathin sections

The application of a retarding field in a SEM not only allows for improved contrast,
but also enables imaging of very thin sections by fine tuning the electron landing
energy in the low or sub-keV range. Reducing section thickness is important espe-
cially when serial sections are considered for the process of volume reconstruction
of a sample—sometimes also referred to as array tomography. The section thickness
then directly translates to the resolution in the third (out-of-plane) dimension, which
for a correlative experiment is then equal in FM and EM. Using superresolution
fluorescence microscopy, lateral FM localization accuracy of 80 nm for the in-resin
fluorescence sample described previously has been demonstrated [33] . Decreasing
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Figure 2.4: Correlative images of in-resin embedded 100nm HeLa cell sections labelled with GFP, (a-b)
FM images in ambient conditions. (c-d) EM images using a 1.5keV landing energy and (c) OV stage bias
and 30ps dwell time (d) -1.5kV stage bias and 5us dwell time. (e-f) Manual correlative overlay. Scale
bars: (a) 50 pum, (b-e) 10 pm, (f) 3um.

section thickness would decrease the amount of fluorophores and thus, increase
their sparsity which will ultimately result in a higher FM resolution. Simultaneously,
a reduced section thickness will improve the axial resolution. Achieving a 50nm
isotropic FM resolution would come close to rivalling the resolution of immunola-
belling with primary and secondary antibodies and a gold particle [21]. However,
EM imaging of 50nm sections has so far remained a daunting task due to a lack
of EM signal even at higher dwell times. Here, we used these 50nm sections of
HeLa cells in HM20 to show the benefit of landing energy optimization for very
thin sections.

The CBS detector used in each of our CLEM experiments is inserted below the SEM
polepiece (fig. 2.5a) and consists of 4 ring segments, which are labelled A through
D as indicated in Figure 2.5b. Without a stage bias, these respective ring segments
correspond to scattering angles of 163° to 152°, 152° to 140°, 140° to 130° and 130° to
122°. While in the previous results the signal over all four segments was summed,
in the following we will use the different rings to distinguish between electron
scattering angles and therefore different types of EM signals. To prevent saturation
of the signal the detector’s brightness was adjusted throughout the images, while
the contrast setting remained the same.

The EM signal changes and improves by lowering E; for the 50 nm sections as
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expected. EM images of these sections were taken using a primary beam energy
of 3 keV and retarding field strengths of 0 V to -2.5 kV, leading to electron landing
energies of 3 keV to 0.5 keV (fig. 2.5¢c). The EM image at E, = 3 keV shows numerous
effects. First, the EM contrast appears to be weak suggesting the EM signal is weak
as well. Second, we recognize features by a bright outline in the image in stark
contrast to all results shown so far. Since the penetration depth at 3 keV is expected
to be larger than the 50 nm section thickness [59, 71], this could be caused by the
electron beam fully penetrating the section combined with strong scattering on the
indium tin oxide substrate below. This would effectively give rise to a transmission-
like contrast [72]. Finally, we see unidirectional stripes pointing diagonally in the
image, most likely these would originate from marks on the diamond knife leading
to scratches in the sample that point in the direction of cutting.

Increasing the stage bias to -1 kV, thus lowering Ej to 2 keV, we see that the contrast
in the images improves. Yet, both the stripe pattern and the bright appearance of
cellular features persist. Further lowering Ej, to 1keV reveals a striking change in the
EM image as feature contrast in the images now inverts. Finally, at 0.5keV landing
energy the stripe pattern also disappears from the images and the image and feature
appearance is similar to that observed for the thicker sections in Figure 2.4. Thus,
we see that the ability to tune the landing energy to the sub-keV domain drastically
improves contrast for ultrathin sections and for detection with the CBS detector also
removes the appearance of sectioning artefacts.

We next identify the contribution of the individual segments of the CBS detector
to the images for each Ej, from Figure 2.5c. Figure 2.5d shows images of the same
area for each individual detector ring for Ef, ranging from 3 keV to 0.5 keV. For each
Ep we can identify different contributions to these detector rings. At E; =3 keV, we
observe an overall weak signal and contrast. Furthermore, we can see that most of
the signal is detected on rings B and C. Lowering to E; = 2 keV causes an overall
increase in signal, likely due to acceleration of electrons to the detector. Despite
the acceleration of the electrons, causing their lateral spread to be narrowed, we
see that most of the signal still appears on rings B and C. At Ef, = 1 keV, we can
recognize different effects taking place on the different detector segments. First,
we see the contrast of the cellular features invert on all segments compared to the
images obtained at higher landing energies. However, on both rings A and B, a
slight bright outline around these features seems to be present. Second, the striped
pattern caused by the cutting-induced surface topography is absent on rings C and
D. Finally, for Ef, = 0.5 keV, we see that this surface topography is absent on all rings.
Furthermore, we see that at this energy most of the signal appears on ring A and B.
Thus, the signal has moved radially inwards with respect to E;, = 1 keV. The images
of rings C and D consist mostly of noise. Therefore, to reduce the noise in images at
Ep = 0.5 keV imaging should be preferably performed only with rings A and B.

Using this information, we can look for optimized conditions for acquiring EM
images of the 50nm sections. By varying E; between 1 keV and 0.5 keV, we found
the best setting to be at 0.8 keV. Similar to Figure 2.5d with Ej, = 0.5 keV, most of
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Figure 2.5: (a) Illustration of the insertable CBS-detector located directly below the SEM’s polepiece.
(b) The CBS consists of 4 rings which allow separate detection per ring, labelled as A, B, C and D. EM
images of 50nm sections of HeLa cells were obtained using the CBS detector, a current of 400pA, a
5ps dwell time and various Ep, stage bias (SB) and Ey.. (c) EM images with Ep=3keV and E; ranging
from 3keV to 0.5keV. At lower Ej, cellular features appear sharper and sample topology disappears. (d)
Contributions of the individual CBS rings to the EM images in (c). Lowering Ej, creates the possibility to
discern between sample topology and cellular features. Furthermore, lowering Ey, leads to the signal
moving to the central rings. (e) EM images for Ep ranging from 4keV to 1.5keV but constant Ej, using
CBS ring A&B only. Contrast reduces by reducing SB but features in the image remain unchanged. (f)
Large FOV image for Ep=4keV and E; =0.8keV using ring A&B only. Scale bars are 1 um in (c-e), 2 pm in
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the signal appears on rings A and B, while rings C and D mostly contribute noise.
Figure 2.5e shows images obtained at E; = 0.8 keV with primary beam energy
varying from 4 keV to 1.5 keV. At a constant Ey, but increasing stage bias we see that
the contrast in the images keeps improving. Thus, the optimal setting appears to



2.3. Results and discussion 21

be at a primary beam energy of 4 keV with a -3.2 kV stage bias. Figure 2.5f shows
the larger area acquisition obtained with these parameters. If we further compare
the image series in Figure 2.5e with the other results, we see with constant E;, but
different retarding field strength that (i) the type of contrast between features in the
image remains the same, and (ii) the striped patterns does not appear even at lower
retarding field strength. Thus, the changing visibility of surface topography features
and the inversion of contrast of the features of interest in the image are not related
to the strength of the retarding field but rather to the landing energy. Therefore, we
can conclude that these changes in contrast of the surface topography features are
not caused by collimation of either the secondary or backscattered electrons due to
the upward acceleration of the retarding field.

Several factors may play a role in the signal dependency on landing energy. First, it
should be noted that the sample is highly heterogeneous with a complicated surface
morphology. Topographic features, such as the cutting artefacts, are clearly visible
in several of the images. In addition, in the composition, stained material alternates
with native biological material and a particularly soft embedding polymer, namely
acrylic HM20. Besides density differences, this may also give rise to additional
height variations at smaller typical length scales than the cutting artefacts. In figure
2.5¢, at 2 keV and 1 keV landing energy, contrast inversions around stained features
can indeed be observed, pointing to an apparent topography contrast in the images.
The landing energy dependence may then come into play via the axial and lateral
extent of the interaction volume: if these decrease and become smaller than the
typical length scales involved in the surface topography, the topography contrast
may disappear from the images, in correspondence with our results. Note that the
presence of conductively stained material and insulating polymer may also give rise
to a varying electric field distribution. However, we exclude this as a contributing
factor to the observed contrast differences as there is only a landing energy and no
retarding-field dependency.

Penetration of the primary electron beam through the section material could give
rise to contrast inversion, as the strong scattering of electrons on the underlying
ITO substrate may give rise to transmission contrast. For landing energies above
2keV, the estimated penetration depth of the electrons would be larger than the on
average 50 nm section thickness. For our optimal landing energy, E; = 0.8 keV, 12
nm would be a reasonable estimate [71]. However, the thickness may vary within
the section, e.g. due to the cutting artefacts, and the material density may vary
locally, e.g. due to alow polymer filling fraction, and compression of material during
cutting. Another factor that could influence the observed contrast inversion when
decreasing the landing energy, could be the variation in electron scattering yield
going from higher than 1 to lower than 1. This combined with variation of sample
composition of stained, biological, and soft polymer material on a microscopic
level could lead to an inversion of contrast of certain features. More research, with
well-characterized, thin samples, and backed by electron scattering and ray tracing
calculations, should be conducted in order to obtain a better understanding of
the observed variations in image quality and contrast with landing energy. Lastly,
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Figure 2.6: (a) Acquisition method for determining electron beam induced damage by fluorescence
bleaching. (1) An FM image is taken after which (2) an area of 27x27 pm?2 is scanned by the electron
beam of a certain landing energy. (3) After scanning an FM image is taken. (b) Resulting final FM images
for various electron landing energies. Decreasing the electron landing energy results in a decreasing
amount of bleaching. (c) Relative decrease in fluorescence after electron irradiation for landing energies
from 1kV to 5eV.
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we note that the observations of the segmented detector (Fig. 2.5d) suggest that
electrons exiting the sample under a relatively large angle with respect to the surface
normal, are least affected by the processes responsible for these variations.

2.3.6. Direct visualization of electron-induced bleaching

As a third example application of our retarding field integrated microscope, we
show the direct visualization of electron-induced bleaching of fluorescent molecules.
To this end perylene diimide fluorescent molecules are used as a model system. The
fluorescent dye is spincoated from a dilute solution to form a homogeneous, thin
layer on an alumina-ITO-coated glass slide. The slide is mounted in the integrated
microscope and we then monitor the bleaching of the fluorescent dye due to electron
irradiation according to the scheme indicated in Figure 2.6a first a FM image is taken,
then an area within the FM field of view is scanned with the electron beam, and
finally a FM image is taken directly after scanning to record the bleaching induced
by the electron beam. We conduct this procedure several times with a fixed dose for
different E; .

A decrease in fluorescence bleaching is observed by reducing the electron landing
energy. In Figure 2.6b we show our FM images taken after the electron irradiation
for landing energies of 1keV, 50eV, 10eV and 5eV. The irradiated regions can be easily
distinguished as these appear darker with respect to non-irradiated regions. This
is due to the electron-induced bleaching of the fluorescent molecules, causing the
exposed areas to emit less fluorescence. Also, we can see there is a decrease in the
bleaching when the landing energy is reduced. This effect is especially pronounced
upon going from 50eV to 10eV as the exposed area appears brighter for the latter
energy. In Figure 2.6c we show the relative decrease in fluorescence after the electron
irradiation for the different landing energies. Each data point is averaged over 9
measurements. Starting with energies ranging from 1keV to 100eV, we see there
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is no significant change in the fluorescence bleaching due to electron irradiation.
We note that the major contribution to the observed degradation of molecular
fluorescence comes from low-energy secondary electrons (SEs). [44] Reducing the
electron landing energy from 1keV to 100eV does not alter the molecular degradation
processes induced by SEs. However, upon decreasing the landing energy from
100eV to 50eV we see the fluorescence bleaching starts to decrease. In this regime,
some molecular degradation pathways induced by SEs may become less accessible.
Reducing the landing energy further to 20eV reduces the observed bleaching to
only 20%, further to 10% at 10eV and finally only 4% at 5eV. This means that at
5eV the bleaching is 12.5x less compared to beam energies of 100eV to 1keV. To our
knowledge this constitutes the first direct visualization of the energy-dependent
electron-induced degradation in a film of organic molecules, where in addition we
vary the electron energy over orders of magnitude down to only a few eV.

Several effects related to the fact that the primary beam energy approaches and
then enters the typical SE energy range can contribute to this decrease. First, when
the primary beam energy decreases below 100 eV, the number of generated SEs is
reduced and their energy distribution is altered leading to a reduced amount of
damage. Second, the penetration depth of the beam changes for different landing
energies and is unknown for energies in the range of a few eV [73]. A reduced
penetration depth leads to a reduced number of bleached fluorophores as well or,
since the dye layer is very thin, the reduced penetration depth could increase the
number of events in the dye layer. This would instead give rise to more bleaching
at the lower energies. Third, different electron-induced damage processes can occur
which may have a different range of energies in which they occur. For instance
in organic molecules, direct impact ionization typically halts at about 10eV, while
dissociative electron attachment events can occur even when close to 0eV [44]. Thus,
when we decrease the electron landing energy from 20 eV down to 10 eV and
further to 5 eV, several of these pathways may be gradually switched off, leading to
a decrease in the observed damage and thus bleaching. The proposed scheme of
using molecular fluorescence to report on the observed damage for specific electron
landing energies, may provide a new avenue to study these processes in-situ.

2.4. Outlook and discussion

In this paper we presented a retarding-field integrated microscope, which allows the
use of high numerical aperture fluorescence microscopy. The design only requires
the user to exchange the top plate of the integrated microscope’s sample stage, after
which samples can be mounted to a carrier ring and be subjected to a retarding field.
The top plate is electrically isolated with the rest of the stage, making the sample
stage grounded and thus the entire SEM door as well. Therefore, the SEM is safe to
operate during applied biases of several kilovolts. To prevent electric discharge, we
limit the bias potential to -1 kV for a 0.95 NA objective lens, while biases up to -3 kV
can be achieved via an extra-long working distance 0.7 NA objective. This makes
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the stage bias possibilities comparable to setups in other studies used for optimized
electron interaction volume and signal collection [58, 59].

Our demonstrated method of detecting reflected electrons up in the column by
use of an ICD, a standard asset in a SEM nowadays, allows us to calibrate zero
landing energy. This method, combined with a monochromator allows us to detect
an energy dispersion of 0.3eV, while still retaining a current in the beam. The energy
dispersion here is higher than the dispersion expected from the monochromator.
However, other effects such as voltage source ripple and carbon deposition during
our image acquisition are expected to increase the measured energy spread further.
Thus, our method of calibration does not directly represent the energy spread, but
instead is a representation of the expected spread in landing energy during our
experiments. More elaborate monochromators are used in TEM, but for SEM, these
would require a redesign of the entire microscope. Besides that, using such types
of monochromators sacrifices beam current leading to longer acquisition times to
achieve the same amount of signal. Furthermore, the measured 0.3 eV energy spread
is sufficient for the application examples presented here.

The use of very low energy electrons for imaging has been mostly explored in
dedicated microscopes, so-called Low Energy Electron Microscopy (LEEM) [74, 75].
In LEEM the electron beam energy is also reduced by implementing a retarding
field between the sample and objective lens. Next, the signal beam is separated
from the primary beam by a beam separator and used to reconstruct an image
at energies of a few to tens of eV. Due to this beam separator, LEEM setups can
be quite complicated. Alternatively, low energy electron microscopy can also be
performed in an SEM by tuning the retarding field appropriately. This has been
referred to as Scanning LEEM (or SLEEM) [76]. SLEEM does not require the use of a
beam separator, making it easier to implement. Our setup with the current detector
configuration and landing energy calibration should be able, like SLEEM, to image
at these very low energies. We note that such a tool could never obtain the quality
of a dedicated LEEM. However, it could be used as a tool for quick inspection of
surface properties of materials, as suggested by Mullerova and co-workers [77].

One application example was that the retarding-field bias leads to improved SNR
and contrast-to-noise ratio (CNR) in imaging thin biological tissue sections. This is
particularly beneficial for CLEM and integrated CLEM as staining and contrasting
agents are typically used less in sample preparation to preserve fluorescence [60].
We have mentioned that the retarding field could enhance the signal in two possible
ways. Namely, first, by acceleration of electrons to the detector leading to an
increase in detected signal per electron, and second, by decreasing the lateral spread
of backscattered electrons leading to more electrons hitting the detector. A third
possible way in which the signal could be enhanced, but which we did not observe
in our experiments, would be via low energy (0 - 20 eV) SEs hitting the CBS detector.
For our flat tissue sections, these electrons will only contain information if they
are generated by back-scattered electrons on their way out of the sample, and thus
a large portion of these only contributes to the background signal. With a stage
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bias of a few hundred Volts or more, these secondary electrons will mostly be
accelerated straight up into the electron column, through the CBS aperture, leading
to a reduction of background in the images. Under different circumstances, such as
whole cells, samples with more topography or different SEM configurations, this
effect could play a role. Further research, both experimentally and via ray-tracing
simulations could be directed at evaluating the stage bias and landing energy for
optimal SNR and CNR. This could not only benefit CLEM, but EM on tissue in
general and large-scale EM in particular as the latter could allow shorter dwell times
for the same SNR/CNR and thus a higher throughput [3, 78, 79].

In our second application example we showed that a retarding field can be used to
improve the image quality of very thin sections by reducing the electron landing
energy below 1keV while simultaneously increasing the signal on the detector. This
can be utilized in serial-section electron microscopy, where going to thinner sections
also results in a higher resolution in z of the reconstructed final image. Going to
lower electron landing energies leads to a smaller penetration depth of the electron
probe and creates the opportunity to measure from shallower surfaces. However,
imaging at lower landing energies typically leads to a weak signal. This means
that imaging at energies below 1keV landing energies creates images with low
contrast. However, we showed that for increasing retarding field strengths the
contrast improves. Thus, images at landing energies far below 1keV can be obtained
with a sufficiently strong retarding field. This can be used to improve the resolution
in z further for deconvolution based subsurface reconstruction algorithms [56, 57].
Typically, EM images at energies between 3keV and 0.8keV are fed to the algorithm
through which images have been reconstructed with a z-resolution of 12nm [71].
Lowering Ej, further, while still retaining signal using a retarding field creates the
potential to image at resolutions of a few nm.

Another application example of the retarding-field integrated microscope was the
direct visualization of electron-induced bleaching of fluorescent molecules. By
reducing the landing energy below 100eV we have shown that the bleaching of fluo-
rescent molecules also gradually decreases. We mentioned several effects that play
a role in this reduction: a reduction in the number of SEs generated at lower beam
energy, a changing penetration depth of the electron beam, and relative changes
in the population of different electron energy-dependent molecular degradation
pathways. Ultimately, at only few eV landing energy, only dissociative electron
attachment will be available as a degradation pathways, while all other pathways
will be completely switched off. Further research should be directed at distinguish-
ing these different effects so that the observed effects could be quantified in terms
of molecular processes. Here, other characteristics of the measured fluorescence
could open new possibilities, such as dynamic measurements as well as measuring
fluorescence lifetimes or spectral shifts. Such measurements are only possible in
an integrated correlative retarding field setup as presented here. This could be
particularly interesting for the investigation of electron-molecule interactions where
typically only fragmentation products are detected and most of the internal dynam-
ics are obscured. Furthermore, in this field most studies are performed on molecules
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in the gas-phase or on clusters [80]. Obtaining information about the processes in
organic films or in solid materials could give new insights. Finally, this could also
shed more light on the origin of beam damage in the electron microscope and thus
lead to novel methods for imaging beam-sensitive materials.

We finally note that the energy range in which we observed reduced bleaching (<100
eV) is still about an order of magnitude smaller than the optimum range found
for imaging biological sections (0.8 — 1.5 keV). While imaging under conditions
of reduced bleaching could be interesting for correlative microscopy, especially
in combination with volume EM, high-resolution imaging at such low electron
energies is only possible with a dedicated LEEM instrument as discussed above.
Thus, we see the most direct application of this part of our research in the study
of electron-induced reactions in organic or solid materials. Ultimately, this could
also shed more light on the origin of beam damage in the electron microscope and
thus lead to novel methods for imaging beam-sensitive materials such as biological
specimen.

2.5. Conclusion

We have presented an integrated fluorescence and scanning electron microscope
with the possibility to apply a retarding field between sample and electron objective
lens. This allows us to reach electron landing energies of only a few eV with
an accuracy of 0.3 eV, which was determined by monitoring the reflection of the
electron beam up into the column onto an in-column detector. The retarding field is
beneficial for imaging samples prepared for correlative fluorescence and electron
microscopy, where it allows significant contrast enhancement for samples that
are weakly stained in order to preserve fluorescence. Also, tuning both landing
energy and retarding field allows the user to optimize imaging conditions to section
thickness which is particularly beneficial for ultrathin sections. We finally presented
a first demonstration of how our setup can be used to investigate electron beam
induced damage in-situ for electron energies down to a few eV. Further development
of this approach may shed light on electron-molecule interactions in the few eV
energy regime, the typical range for electrons generated in a sample through inelastic
collisions.



Fluorescence visualization and
manipulation of transient, reversible
electron-molecule interactions during
electron beam irradiation

Interactions between energetic electrons and organic molecules define the limitations
and capabilities in a vast amount of technologically relevant domains including mi-
croscopy, lithography, and radiation therapy. Many methods have been developed
to evaluate the end products resulting from electron-molecule interactions, but the
underlying reaction dynamics and their interplay with the molecular environment
have been hard to address. Understanding these dynamics is however essential
for directing reaction pathways such that we can ultimately increase resolution
and mitigate damage thresholds. Here, we use fluorescent molecules to monitor
reactions in-situ using a fluorescence microscope integrated in an electron micro-
scope. We report reversible electron-molecule dynamics occurring over seconds
time scale. We control the incoming electron landing energy down to less than 1
electronvolt and show that the amount of reversibility follows characteristic electron
energy thresholds described in literature. Using this methodology, we show that the
observed reversible dynamics can be attributed to the formation of a dark transient
anion followed by environment-mediated neutralization. By then using a fluores-
cent dye with a near-UV photoexcitable anion we show how photo-stimulation
leads to direct reversal of the formed dark transient anions. The versatility of our
approach is further demonstrated showing a fluorescent molecule that exhibits
electron-induced fluorescence brightening, offering additional prospects for com-
bining electron and superresolution light microscopy. Our strategy thus opens the
toolbox of molecular fluorescence spectroscopy, previously instrumental in devel-
oping our understanding and use of photon-molecule interaction in science and
technology, and enables its application to the comparatively less chartered area of
electron-molecule interactions.

27
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3.1. Introduction

Resolution limits in electron and (E)UV microscopy and lithography are defined by
structural and chemical damage that occur during irradiation [81-83]. A dominant
contributor to the damage mechanisms is formed by low-energy electrons (< 1 keV,
mostly 0 — 20 eV) generated in the sample and reacting with organic molecules
[84-86]. Also for various forms of radiation therapy, low-energy electron mediated
reactions contribute to the selectivity and efficacy of the method [87]. Understand-
ing and visualizing the dynamics of energetic electron-molecule interactions are
important steps for directing these reactions towards damage mitigation, resolution
enhancement, or biochemical selectivity. Electron-induced molecular damage has
been studied under gas phase conditions targeting reaction end products like chem-
ically converted molecules or dissociation fragments. This has revealed phenomena
including, electron energy dependent excitation, dissociation, and ionization medi-
ated pathways, but transient dynamics, intermediate species, and especially in-situ
interactions with the molecular environment have remained hard to address [42,
44]. Direct observation of electron-molecule transient dynamics in-situ in a sample
during irradiation could provide further fundamental insight into reaction dynam-
ics, the involved time-scales, and molecular intermediates, thereby revealing means
to manipulate these reactions towards a more desired, damaging or non-damaging
outcome.

Here, we use specific, bright and photostable, fluorescent reporter molecules in
combination with in-situ fluorescence microscopy during irradiation in an electron
microscope to reveal and manipulate reversible electron-molecule reactions and
transient dynamics. The fluorescence microscope directly integrated into a scanning
electron microscope (SEM) allows continuous excitation of the reporter molecules
with visible light and thus measurement of the resulting fluorescence signal (Fig.
3.1A) [11]. At discrete points in time part of the sample is exposed to electrons
and fluorescence is monitored before, during, and after this exposure (Fig. 3.1B).
Detected temporal changes in the fluorescence signal are then indicative of electron-
molecule interactions occurring in the specimen.

Perylenediimides such as N,N’-bis-propyl-1, 6, 7, 12-tetra-(4-tert-butylphenoxy)
perylene-3, 4:9, 10-tetracarboxylic diimide (PDI) are well-known, very photo-stable
model fluorescent molecules that can serve as both hole and (double) electron accep-
tors [88]. Both its cation and (di)anion forms do not show fluorescence when exciting
at the excitation wavelength of the neutral PDI molecule [89, 90]. Indeed, transient
dark states observed in photon-excited single-molecule fluorescence microscopy
have been assigned to the presence of charged PDI species formed after tunnelling
of the excited electron or hole to or from the direct environment of the PDI molecule
[91, 92]. Thus, in our approach, formation of PDI cations or (di)anions due to capture
of low-energy electrons or holes generated in the sample during electron irradiation,
leads to a decrease or darkening of the fluorescence signal. This darkening may be
temporary due to reversibility of the ionization process, or permanent due to either
further degradation towards a bleached end product or direct dissociation under
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the action of the electron beam.
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Figure 3.1: In-situ fluorescence imaging during electron irradiation reports on reversibility in electron-
molecule reaction kinetics (a) A fluorescence microscope integrated in a scanning electron microscope
(b) monitors fluorescence from N,N’-bis-propyl-1,6,7,12-tetra-(4-tert-butylphenoxy)perylene-3,4:9,10-
tetracarboxylic diimide (PDI) reporter molecules (1) before, (2) during and (3) after electron irradiation.
(b) PDI molecules are spincoated on a microscope cover glass with a 13 nm conductive indium tinoxide
layer and a 10 nm dielectric aluminium oxide spacer layer in between. (c) The average fluorescence
intensity from the exposed area is tracked in time, showing a clear drop in fluorescence during electron
irradiation, followed by a striking, long time scale partial recovery. Grey area indicates the electron
exposure duration. (d) Fluorescence images of the exposed area at the start of the measurement (0s),
immediately after electron irradiation (3s), and 45s after irradiation. The fluorescence decrease and
recovery are uniform over the scanned area of 20x20 tm?. (e) Fluorescence emission spectra recorded
before (blue), directly after (orange), and 113 s after

3.2. In-situ visualization of reversible electron-molecule
interactions

To create a poorly conducting sample environment, we first deposit 10 nm of Al,O3
on a transparent, conducting ITO-glass slide. We then spincoat a thin layer of
tens of nanometres of the PDI molecules on this substrate (Fig. 3.1B). Exposure
of this sample with a 1 keV electron beam indeed leads to a marked decrease
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in fluorescence signal (Fig. 3.1C). However, over a timescale of tens of seconds
after irradiation, we observe a striking recovery of the fluorescence signal. Further
inspection of the fluorescence images shows that the darkening and recovery are
clearly confined to the exposed area (Fig. 3.1D). Furthermore, no shifts in emission
spectra were observed during separate measurements at a lower dose (Fig. 3.1E).
This confirms that the partial recovery in fluorescence intensity is related to the
molecules switching on again. We attribute this partial recovery of the fluorescence
signal to reversibility of the intermediate, charged PDI dark states formed during
electron-induced molecular degradation.

3.3. Discerning electron energy dependent pathways

The electron-induced molecular degradation is known to be primarily mediated by
low-energy (0 — 20 eV) electrons generated in the irradiated material after inelastic
scattering of primary or back-scattered electrons. This degradation can occur via
three different types of pathways, characterized by their initial electron-molecule
interaction mechanism [44]: (i) ionization, (ii) dissociation by excitation, and (iii)
(resonant) electron attachment, each with distinct electron energy-dependent cross
sections (Fig. 3.2A). With 1keV irradiation, the primary electrons predominantly
scatter in the Al,O3, ITO, and glass support layers. Both high-energy elastically
scattered and low-energy (secondary) electrons resulting from inelastic collisions
in the Al,O3 layer escape to the PDI layer if they are generated at a depth shorter
than the mean free path. Excitation of the molecule due to inelastic scattering,
will result in dissociation into either neutral (>5eV) or polar (>10eV) fragments
and thus irreversible bleaching of the excited species. Meanwhile, ionization and
electron attachment processes will lead to the formation of non-fluorescent transient
PDI (di)an- and/or cations that may be stabilized by interaction with the local,
dielectric environment. These transients may further dissociate into permanent
non-fluorescent molecules, but exchange of electrons with the environment may also
lead to a return to the neutral fluorescent state, evidenced in the partial fluorescence
recovery.

We corroborate this picture by assessing fluorescence darkening and recovery
throughout the low-energy electron regime, including the typical energy ranges (Fig.
3.2A) associated with each of the three pathways as observed in gas phase experi-
ments. Application of a retarding field to the microscope stage bias in combination
with an electron monochromator allows to set the electron landing energy in the
few eV regime with 0.3 eV accuracy. The 0 eV reference is obtained by monitoring
the intensity of the reflecting beam on an in-column detector [39]. We then observe
fluorescence darkening and recovery for all electron energies (Fig. 3.2B, Fig. 3.6),
but with key differences in both the relative drop in fluorescence and recovery (Fig.
3.2C, D).

The energy-dependent darkening and recovery reveals four regimes that can be
related to the energy dependence of electron-molecule pathways (Fig. 23.2D). Be-
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Figure 3.2: Electron energy dependent fluorescence darkening and recovery reveal different electron-
molecule interaction regimes. (a) Three distinct pathways for electron-molecule interaction can be
distinguished, each with a specific electron energy threshold: ionization (>7 eV), dissociation by excitation
(>5 eV) and electron attachment (>0 eV). All three can lead to permanent degradation or bleaching of
the fluorescent molecule, but ionization and electron attachment can create an intermediate, reversible,
potentially long-lived, non-fluorescent transient ion. (b) Application of an electron monochromator
and a retarding field to the specimen stage allows tuning the electron landing energy (Ei) in the
low-energy regime. Fluorescence darkening and partial recovery is observed for all landing energies
but with striking differences in the relative amount of Iy;op and Irecovery as defined in the right panel.
Curves have been shifted vertically for clarity. (c) Both the darkening and (d) recovery show a distinct
dependence on electron landing energy reminiscent of the regimes where (I) electron attachment is
the only accessible process and exhibits a Feshbach resonance (0 - 2 eV), (II) excitation followed by
dissociation into neutrals can occur but has a negligible cross section (2 - 6 eV), (III) ionization pathways
gradually become accessible (> 7 eV) as will excitation pathways resulting in polar fragments (> 10
eV), and interactions are dominated by secondary electrons generated via scattering of the primary
electron. Electron attachment is identified as the prime contributor to the fluorescence recovery and thus
reversibility in electron-molecule interaction, with about 40% of electron-induced fluorescence darkening
being reversible at 40 eV, rising to 80% at sub-5 eV energies.
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tween 40 to 16 eV, as we approach lower landing energies in regime III, a decreasing
number of secondary electrons generated in the sample decreases the amount of
darkening observed, while the recovery only slightly varies. We note that even
at 40 eV, 40% of the initial loss of fluorescence recovers, indicating that a consid-
erable amount of generated space charge only dissipates in tens of seconds after
irradiation. Later on in regime III (16 - 6 eV), we observe a plateau and then a steep
decrease in the darkening, while the recovery steadily increases. We attribute this
to irreversible direct ionization pathways and dissociation into polar fragments
by excitation that gradually become inaccessible [93-95]. Below 6 eV, the latter
pathways no longer contribute, leaving dissociation into neutrals and attachment of
inelastically scattered electrons as remaining pathways. This gives rise to a constant
minimum in the darkening and a saturation of the recovery in regime II [42, 44].
Finally, between 2 and 0 eV (regime I), we observe a marked peak in the loss of
fluorescence, while at the same time recovery also increases. Unlike ionization and
neutral dissociation, electron attachment requires specific energies to vacant states
in the molecule resulting in the observation of a resonance. This resonance peak and
recovering dynamics can also be found for PDI spincoated at lower concentrations
(Fig. 3.7). Gas-phase studies for perylene like PDI have shown a peak in the electron-
molecule cross-section at 0.7 eV, attributed to anion formation through a long-lived
excited Feshbach resonance [96], with the energetic electron exciting the molecule
and subsequently being captured. We note that the electron affinity of perylene is
worse than for PDI, as PDI bears two imide groups that make the aromatic core
more electron deficient and therefore more eager for electrons. This could make
the PDI anion more stable, resulting in a longer lifetime of several seconds of the
anion. Throughout regime I and II, electron attachment can only occur after energy
loss due to scattering and phonon excitation brings the electron energy close to the
resonance value. Thus, the overall high degree of recovery in these regimes and the
constant minimum in darkening in regime II, indicate electron attachment as the
dominant mechanism at the lowest energies and a negligible contribution of neutral
dissociation. Furthermore, ionization and excitation into polar fragments appears
as the dominant irreversible pathway for molecular damage. We also conclude that
in this sample, well over 70% of electron attachment events shows reversibility.

The timescale over which this reversibility and thus recovery of fluorescence take
place is determined by the stability of the PDI anion in the sample. On the substrate
with the Al,Os3 top layer, we still observe fluorescence recovery after tens of seconds
(Fig. 3.1c, 3.2B). In fluorescence microscopy similarly long-lived PDI dark states have
been observed and attributed to electron-tunnelling to and from the environment
[91, 92]. In electron scattering, long-lived transient negative ions can be formed via
an electron excited Feshbach resonance. The stability of this transient anion may
be radically altered on a surface as compared to shorter lifetimes observed in gas
phase experiments [42]. We expect these transient dark anions to quickly disappear
once a charge transport channel is provided, leading to the absence of the slow
recovery and reduced permanent decrease in fluorescence. Indeed, if we replace
the insulating substrate and directly spin-coat PDI on conductive ITO, the long-
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time scale recovery is lost (Fig. 3.3A, B) and virtually no permanent fluorescence
bleaching is observed at electron energies below 7 eV (Fig. 3.3C).
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Figure 3.3: Pronounced long time scale dynamics occurs due to transient ion stabilization on an insulating
substrate. (a) Comparison of 7 eV electron irradiation of fluorescent PDI spin-coated on conductive
ITO versus insulating Al,O3 substrate shows that the long time scale recovery is lost on the conducting
substrate. (b) For all electron energies, fluorescence bleaching is reduced on ITO as only direct dissociation
processes or those faster than electron exchange with the substrate remain. Below the ionization regime
(<7 eV), no loss in fluorescence is observed on ITO.

3.4. Manipulation of electron-molecule interactions

The relatively long time scale involved in charge relaxation on the insulating sub-
strate and the chemical nature of the electron-accepting fluorescent molecule provide
ways to manipulate the electron-molecule dynamics —e.g., by light irradiation. For
this we do not consider the case of PDI whose NIR-absorbing anion is not photoex-
citable in our experimental setup [\cite {wurthner2000highly}, 97, 98]. Instead, we
focus on Rhodamine B isothiocyanate (RITC), a 560 nm excitable molecule with
a 405 nm absorption in the anion state [20], we observe a similar decrease and
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recovery of fluorescence after electron exposure as for PDI (Fig. 3.4A). In addi-
tion, we retrieve the low-energy resonance peak for electron attachment, and the
minimum in fluorescence decrease around 5 eV, confirming the formation of an
anion. 405 nm excitation of this RITC anion should now allow us to manipulate the
electron-molecule dynamics bringing the molecule back to the fluorescent singlet
state [99].
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Figure 3.4: Figure 4: Photon excitation of the transient anion formed after electron irradiation accelerates
and increases fluorescence recovery. (a) Rhodamine ITC shows similar fluorescence darkening and
recovery after electron irradiation as PDI, including a strong electron attachment resonance in the lowest
electron energy regime. (b) Optical excitation of the RITC anion with a 405 nm pulse (dashed, grey) after
electron irradiation at 1.2 eV leads to an immediate and near-complete recovery of fluorescence (purple).
(c) Similar photon-stimulated recovery is observed throughout the 0 — 40 eV energy regime indicating
attachment of low-energy electrons after primary electron scattering as the dominant interaction process
for RITC. Scale bars: 20 pm

Immediate and nearly complete recovery of fluorescence is indeed observed after
excitation with a 405nm pulse (Fig. 3.4B). Thus, excitation of the RITC anion
increases the probability for electron transfer to the local environment leading to a
return to the RITC fluorescent state and migration of electrons through the sample
and substrate. Capture of these electrons by RITC or back-transfer from the Al,O3
substrate may cause the gradual decay observed after the stimulated recovery.
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Still, over 75% of the initial loss in fluorescence is recovered after 15 s compared
to about 30% without the 405 nm photoexcitation, showing how a well-chosen
light stimulation can be used to manipulate the course of reactions occurring after
electron irradiation (Fig. 3.4C).

Finally, we show that the electron-reporter molecule interaction is not limited solely
to darkening. Alexa 594, a sulfonated rhodamine variant that slightly dims in
vacuum compared to ambient conditions [100], a remarkable irradiation-induced
enhancement of fluorescence (Fig. 3.5A). This enhancement is present throughout
the low-energy electron regime (0 — 5 eV; Fig 3.5B) and photobleaches faster than
its surroundings during the timeseries (Fig. 3.8). Moreover, spectral measurements
confirm that the enhanced signal originates from Alexa594 molecules (Fig. 3.5C).
The fluorescence intensity from the exposed area further increases by increasing
the electron dose (Fig. 3.8), highlighting the possibilities for an alternative off-on
fluorescence reporter scheme that could be exploited in fluorescence microscopy.
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Figure 3.5: Figure 5: Low-energy electron irradiation enhances fluorescence from Alexa Fluor594®. (a)
Alexa594, a fluorescent dye commonly used as immuno-label in biophysics, shows enhanced, persistent
fluorescence from the exposed area after irradiation. (b) The enhancement is apparent throughout the
low-energy electron attachment regime. (Inset) Measured smoothed fluorescence emission spectrum
(red) from the exposed area confirms that matches the emission spectrum of Alexa594 in solution

3.5. Conclusion

Fluorescence microscopy has revolutionized our understanding of photon-molecule
interactions and excited state dynamics by analysing intensity, lifetime, and spec-
trum changes in the stream of emitted photons. This has in turn allowed manip-
ulation of excited state dynamics down to the single molecule level, paving the
way for superresolution fluorescence microscopy [101]. Our approach opens this
fluorescence toolbox to the more uncharted area of energetic electron-molecule
interactions providing new windows to study and direct electron beam induced
damage. Fluorescent molecules could be embedded in microscopy samples to
control or monitor spatial and temporal electron-molecule dynamics or chemical
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reaction agents in-situ. Higher excitation power and more sensitive fluorescence
detection will give access to higher spatial and temporal resolution, eventually at
the single-molecular level.

Reaction and relaxation dynamics can additionally be manipulated with optical
stimulation as shown here for RITC. Further schemes may include more complex il-
lumination schemes targeting specific, sequential resonances of (fluorescent) charge
acceptors to direct transport in the sample, possibly aided by scavengers or con-
trolled charge carrier accepting gas pulses. Pulsed electron beams in an integrated
fluorescence microscope [52], will improve temporal resolution, allow dose rate
controlled measurements, or probe after single-electron irradiation.

Our initial observation of fluorescence brightening after electron irradiation makes
for even more versatile and sensitive electron-induced degradation probes. Impor-
tantly, as Alexa594 is widely used as a biomolecular label in fluorescence microscopy,
this also holds thrilling prospects for developing electron-induced fluorescence su-
perresolution schemes in the realm of electron microscopy. Further investigation to
the chemical nature of the enhancement process and optimization of dyes towards a
larger, or ideally off-on, brightness increase, could allow switching and thus localiz-
ing fluorescent molecules with a focused electron beam. Further molecular design,
reducing cross sections for direct degradation processes, will thus not only allow
single molecule probing of reaction and damage mechanisms under keV focused
beams but also pave the way to directly record biomolecular fluorescence probes
within electron micrographs with electron beam resolution.
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3.8. Methods

3.8.1. Samples

Microscopy cover glass slides (no. 1 thickness) coated with approximately 10 nm of
indium tin oxide (ITO) (Optics Balzers AG, Balzers, Liechtenstein) were coated with
10 nm of Al,O3 via atomic layer deposition, unless stated otherwise. Concentrations
ranging from 60 uM to 0.6 uM of tetraphenoxy-perylene diimide in toluene, 2 pM of
Rhodamine B isothiocyanate (RITC) in isopropanol (IPA), and 2 pM of Alexa Fluor
594 (AF594) in IPA were used. These concentrations were deposited on the glass
slides until it was fully covered and spincoated at 2000 rpm to form a homogeneous
layer. Before spincoating, the glass slides were cleaned in an air plasma for 2 minutes
at approximately 300mW.

3.8.2. Data acquisition

The prepared glass slides were then fixed to a sample carrier ring and mounted
in the electron microscope (Verios SEM Thermo Fischer Scientific, Waltham, Mas-
sachusetts, United States) equipped with an integrated SECOM fluorescence mi-
croscope (Delmic, Delft, the Netherlands). FM excitation was done using a 555nm
excitation wavelength LED source (Omicron Laserage, Rodgau-Dudenhofen, Ger-
many) with a power of 30mW at the sample plane. A brightline Pinkel filterset
optimized for DAPI, FITC, TRITC and Cy5 was used for all timetraces. All imaging
was performed using a 60x Nikon Plan apochromat air objective and a Zyla 4.2 plus
sCMOS camera (Oxford Instruments) using a camera exposure time of 300ms. We
used a 4x4 binning for 60 pM and 6 uM of PDI, 8x8 binning for 0.6 uM PDI and no
binning for data with RITC and AF594.

The EM was triggered to scan starting at camera frame nr. 5 during acquisitions. A
20x20 pm? area of 1024x1024 pixels was scanned using a primary beam energy of
1keV, current of 13pA and dwelltime of 1ps. The electron beam monochromator
was used, and a stage bias was applied to the sample using an external high voltage
source (HCN 35-12500) floated by a 300V power source (Delta Elektronica E0300-
0.1). A detailed description of the stage-bias setup can be found in [39]. Before
exposure, the scanned areas were imaged in the FM with a 3s exposure time, and
after acquisition of each timeseries a 10 ps dwell electron beam scan was performed,
followed by a 3s exposure time camera FM image. After this, we moved 40 pm away
from the scanned area and repeated the experiment a total of 9 times. At landing
energies below 10eV, we focused the electron beam by minimizing the bleaching
spot in FM due to a lack of signal in EM.

Measurements on AF594 were performed by scanning approximately a 10x10 pm?
area with 10 ps dwelltime, all the other beam settings were kept the same, resulting
in a fluence of 8.8 e-/nm?Z. Before and after the electron scan, a FM image was taken
using 555 nm wavelength excitation and a 1s camera exposure time. We switched
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the light source off between those acquisitions to prevent additional photobleaching
of the enhanced area, ensuring that the enhanced fluorescence remained stable (Fig.
3.8).

We acquired the PDI spectra separately on a Quanta FEG 200 (SEM Thermo Fischer
Scientific, Waltham, Massachusetts, United States) by scanning a 2048x1768 px
area using a beam energy of 1 keV, current of 19 pA and dwelltime of 50 ns. We
performed optical excitation using a Lumencor Spectra X light engine with an
excitation wavelength of 550+15 nm at 1 mW at the sample plane, which was filtered
using a 543+10 nm bandpass excitation filter (Thorlabs, Newton, New Jersey, United
States). A 40x 0.95 NA Nikon plan apochromat air objective (Nikon, Tokyo, Japan)
was used. We filtered the detected emission with a 30/70 beamsplitter (Thorlabs,
Newton, New Jersey, United States) followed by a 594 longpass emission filter
(Semrock, West Henrietta, New York, United States). The emission spectra were
acquired using a PyLoN 100BR eXcelon (TeleDyne Princeton Instruments, Trenton,
New Jersey, United States) using an integration time of 300ms. AF594 emission
spectra were acquired on the Verios SEM before and after electron irradiation using
a leV landing energy beam with 25 pA current and by scanning a 4096x3536 px area
of 184 ym HFW with 100 ps dwelltime. The light source was switched off during
the EM scan.

3.8.3. Data analysis

For the data analysis we first determined the electron-exposed areas from the image
series. We typically extracted this region-of-interest by using the images acquired
before and after each measurement obtained with a 3s camera exposure time and a
10 ps electron beam dwell time. We subtracted these images for each measurement
and summed the resulting subtracted images across all measurement per landing
energy. This was not the case for the measurements on 60 pM PDI and RITC without
405nm illumination. Here, we averaged images across the acquired image series
before (i.e. until frame nr. 5) and after electron exposure (i.e. after frame nr. 9).
These averaged images were then subtracted from each other. This process was
repeated for all image series per landing energy after which the resulting subtracted
images were added together to a final difference image. As a next step we extract
the electron exposed regions from these final difference images. We detect the edges
using a canny-edge filter (scikit image), followed by a binary dilation step and a
binary fill holes algorithm (scipy ndimage) to close most structures. A final erosion
step was then used to remove all non-closed structures. The resulting binary images
were then stored locally as a .tif file and used as a mask in the following calculations.
In the exceptional case when our algorithm failed, we chose the mask manually.

The reported fluorescence intensity per frame of the measured image series was
determined by performing the following steps: (i) calculating the average pixel
intensity of the electron-exposed region, (ii) subtracting the background offset, (iii)
normalizing the intensity to the intensity in the frames before electron exposure, and
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(iv) correcting for photobleaching. For calculating the average pixel intensity of the
electron-exposed region in each image we used the masks described in the previous
paragraph. Per landing energy, the average intensity of the exposed area per frame
was averaged across all 9 measurements. We subtracted background contributions
by subtracting pixel values of 300 counts for no binning, 3000 counts for a binning of
4 and 6000 counts for a binning of 8. These background values were estimated based
on the saturation value in average intensity when exposing the sample with a high
dose and landing energy. After background subtraction we normalized the average
pixel intensity per frame by normalizing it to the maximum average pixel value in
the first 5 frames. The resulting averaged and normalized pixel intensity per frame
then still need to be corrected for photobleaching. To determine the photobleaching
of the sample we calculate, perform background correction, and normalize pixel
values outside of the electron exposed areas similar as stated above. For most
measurements we determined the average intensity of the non-exposed area by
averaging across a square edge of 10 pixels wide and 10 pixels displaced from the
original mask in x and y. For RITC and AF594 we used the inverse of the mask, i.e.
the entire image with exception of the exposed area. The photobleaching occurring
during the measurements is then corrected by dividing the average normalized
pixel intensity per frame of the electron exposed area with the average normalized
pixel intensity per frame of the area analyzed for photobleaching.

We used the average normalized intensity value per frame described in the previous
paragraph to determine both the loss in fluorescence signal immediately after
electron irradiation (I,0p), and the relative fluorescence recovery (Irecovery). For
determining l4,,p, We subtracted the average intensity value at frame nr. 9 for
PDI and frame nr. 10 for RITC from the initial average intensity before electron
irradiation. The relative recovery in fluorescence was calculated by determining the
difference between frame nr. 9 or nr. 10 and the final frame (approximately 15s after
electron irradiation). This was then normalized by Iy, For AF594, the relative
increase in fluorescence signal was determined by dividing the average fluorescence
signal after electron irradiation with the average fluorescence signal before electron
irradiation.

The reported errors were determined by calculating the standard deviation of the
average pixel intensity values per frame across the 9 different measurements per
landing energy. The errors for the photobleaching timetraces were acquired similarly.
The total error for the normalized average pixel intensities that were corrected for
photobleaching were then calculated as:

I

— . 2 2
7= Iphotobleach,'ng \/‘Tintensity + Jphotobleaching 3.1)

Where I and Iphotobleaching denote the average pixel intensity per frame of the electron
exposed area and of the area used to determine the photobleaching rate. The errors
in I4rop equal the error of the photobleaching corrected intensities at frame nr. 9 for
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PDI and nr. 10 for RITC. The errors in Irecovery Were calculated by taking the square
root of the error in Ij,op and the error of the average photobleaching corrected
intensity in the final frame. This was then multiplied with Iyecovery to obtain the
error in Irecovery.- The errors in the average increased fluorescence intensity of
AF594 were determined by calculating the standard deviation between the relative
average intensity values across the 9 measurements per landing energy after electron
irradiation.

The code used for data-analysis can be found at:
https://github.com/hoogenboom-group/Vos—electron-dynamics—-2021.


https://github.com/hoogenboom-group/Vos-electron-dynamics-2021
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Figure 3.6: The average fluorescence intensity of PDI on a 10 nm thick alumina top layer tracked in time
for landing energies ranging from 40 to 1 eV. In all cases, the intensity shows the same trend. An initial
decrease in fluorescence caused by scanning the electron beam, followed by a recovery in intensity. The
strength of both the initial darkening and recovery show a strong dependence on the landing energy of

the electron beam. Curves have been shifted for clarity.
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Figure 3.7: PDI shows similar dynamics and energy dependence for lower spincoated concentrations. (a)
The average decrease followed after electron irradiation shows a similar trend for all concentrations. The
main difference being the general strength of Idrop, the absence of the plateau around 18eV for both 6
M and 600 nM and (inset) the weaker electron attachment peak around 1eV at lower concentrations. (b)
The recovered amount in fluorescence shows a similar strength for all landing energies, however due to
a decreasing amount of signal the standard deviations increase. This is especially noticeable for the 600

nm curve between 5 and 2eV.
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Figure 3.8: AF594 enhanced intensity remains stable when not illuminated and increases with dose. (a)
Average fluorescence intensity of AF594 as a function of time. Electron irradiation at 1eV landing energy
starts at 4s with a fluence of 35 e-/nm?. The fluorescence of the exposed area increases until the scan is
finished, after which the brightened area slowly loses intensity with respect to the non-exposed area.
When the light source is switched off for 10s (b) the increase in fluorescence remains stable until the light
source is switched on again. (C) Relative increase in fluorescence for AF594 for increasing dose at 1eV
landing energy, the increase in fluorescence stabilizes



Superresolution approaches for
integrated correlative superresolution
mMicroscopy

Correlative light and electron microscopy (CLEM) is able to combine the strength
of both image modalities to visualize fluorescently labeled molecules in a detailed
high-resolution ultrastructure. Integrating both modalities into a single device
eases correlating both images, but is limited in optical resolution due to the limited
availability of superresolution (SR) microscopy techniques for integrated setups.
Recently, it has been shown that some fluorophores have enhanced photobleach-
ing lifetimes and blinking dynamics, or show temporal intensity fluctuations after
low-energy electron irradiation. Here, we explore potential SR schemes suitable
for integrated CLEM systems based on these findings using simulations for differ-
ent molecular arrangements. We study how enhanced photobleaching lifetimes
could improve easy-to-implement bleaching-assisted localization techniques, or
how low energy electron induced fluorescence fluctuations could improve the fi-
nal fluorescence image resolution using Haar wavelet kernel analysis. We find
that the latter, even when only photobleaching occurs, has a higher final recon-
structed image quality due to a higher number of localizations. We also propose
and simulate single-molecule localization techniques using instantaneous photo-
switching of electron-induced dark states, or by temporary switching emitters on
with electrons. Both techniques show improved localization accuracy compared
to the bleaching-assisted and fluorescence fluctuation techniques, but also require
further optimization of currently available fluorescent dyes to ensure that small
molecular arrangements can be resolved with fluorescence microscopy.
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4.1. Introduction

Correlative light and electron microscopy (CLEM) combines the strengths of both
types of microscopies, for instance to visualize the positions of fluorescently labeled
molecules in the context of the detailed sample structure obtained via electron
microscopy (EM) refs e.g. de Boer Nat Methods and other CLEM overviews. While
CLEM can be performed by shuttling a sample between the different microscopes,
integrated correlative microscopy [10] can be an asset for correlative microscopy
thanks to the ease with which correlative images can be obtained [11, 45] and the
consistent, high overlay accuracy that can be obtained [12]. The latter would be
particularly beneficial when the resolution gap between fluorescence microscopy
(FM) and EM is bridged by correlating superresolution (SR) fluorescence microscopy
to EM, as overlay or registration errors compromise the accuracy of localization with
respect to the structural detail. However, SR techniques typically require specific
properties of the fluorescent molecules, such as high photon yield, optimized photo-
blinking and -bleaching, and photo-activation, which may be hard to preserve
during sample preparation for integrated CLEM or in the EM vacuum.

Few groups have nevertheless managed to implement SR FM in integrated mi-
croscopy. Peddie et al. have demonstrated integrated stochastic optical reconstruc-
tion microscopy (STORM) using green and yellow fluorescent protein (GFP / YFP),
where the reduced photon yield and photo-blinking frequency of GFP and YFP
in vacuum was circumvented [33] by cycling water vapor in an environmental
SEM. They achieved 50 nm fluorescence localization accuracy within the EM struc-
tural images. Others have demonstrated localization microscopy using regular
fluorescent molecules that sustain blinking in vacuum [34, 36]. Exploitation of
the specific conditions in integrated CLEM, i.e. the altered fluorescence properties
of molecules in vacuum and the presence of an electron beam, for achieving SR
localization microscopy, has so far not been addressed. Nevertheless, Srinivasa Raja
et al. have recently demonstrated that some fluorescent molecules show enhanced
photobleaching lifetimes in vacuum with respect to ambient conditions [100] and
Vos et al. have even shown that temporal intensity fluctuations can be induced
using low-energy electron irradiation (Chapter 3). An intriguing open question is
thus whether these phenomena allow for new, possibly improved or more generally
applicable, possibilities to implement localization microscopy in integrated CLEM.

Besides STORM, many alternative schemes and/or algorithms have been developed
to retrieve SR molecular localizations from temporal intensity fluctuations observed
in wide-field fluorescence time series. These include bleaching/blinking-assisted
localization microscopy (BaLM) [102], superresolution optical fluctuation imaging
(SOFI) [103], Bayesian analysis of bleaching and blinking (3B) [104], superresolution
radial fluctuations (SRRF) [35] and Haar wavelet kernel (HAWK) analysis with
multi-emitter fitting [37]. In general, the difference between these techniques and
STORM is that they use multi-emitter fluctuations or correlations between multiple
frames in a time series while STORM relies on the occurrence of sufficient sparsity
within individual image frames to directly allow single molecule localizations. This
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makes that the former techniques are more generally applicable in microscopy
since they work at higher densities and do not rely on strict blinking statistics of
specific dyes. With the reduced bleaching rate in vacuum and inducible fluorescence
blinking by the above mentioned works of Srinivasa Raja et al. [100] and Vos et al.
(Chapter 3), distinguishing individual emitters in time at these high densities will
become easier. Based on this, we expect higher quality localization reconstructions
in integrated microscopy. Hence, we set out to explore the potential for these
multi-emitter fluctuation-based localization techniques in integrated CLEM.

4.2. Methods

To assess the performance of different potential SR techniques suitable for integrated
microscopy, we simulated series of light microscopy images. For each technique, im-
age series with modified single emitter fluorescence dynamics compared to regular
ambient fluorescence dynamics were simulated as discussed in more detail below.
The resulting series of images were then fed to ThunderSTORM to localization
single emitters [105]. The resolution of the reconstructed high-resolution images
was then compared to the ideal scenario where each single emitter is emitting pho-
tons in a separate image frame with the same amount of fluorescence signal. We
also quantified the different approaches by determining the number of missed or
false positive localization events with the ground truth numbers provided by our
simulations.

We study the following localization schemes for integrated microscopy. First, we
study bleaching-assisted localization microscopy (BaLM), where consecutive im-
age frames are subtracted from each other to discern the individual emitters that
photobleach during each frame. As a second approach, we study electron-induced
blinking dynamics where a subset of the emitters temporarily switches off due to
electron irradiation occurring at regular intervals. To retrieve individual emitters
even at high densities we use a Haar wavelet kernel approach proposed by Marsh et
al. [37]. Third, we look at a photo-induced recovery after electron-induced darken-
ing. Here, most of the fluorescent emitters are switched off with electron irradiation
to obtain a sparse number of fluorescing emitters. Then, the switched off emitters
are switched on again using photostimulation and the process is repeated. The
final approach involves regularly switching a subset of non-fluorescing emitters
temporarily on with electron irradiation. The parameters describing these dynamics
are based on values found in literature, or chapter 3 in this thesis.

4.2.1. Simulations

To generate a series of microscopy images we first generated a list of individual
fluorescent emitters that are defined by an x,y-coordinate, photon yield per second,
point in time where they photobleach, and different timepoints where they switch
on/off depending on the SR technique. To convert this data from each individual
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emitter, we first define the full width at half maximum (FWHM) of the point
spread function (PSF), the camera pixel size, the exposure time and the amount of
background noise. We then calculated the individual contribution of each emitter
to the signal per pixel per camera frame to obtain an image series. This simulated
image series was then loaded into ThunderSTORM [105] to localize the emitters
and reconstruct a final SR image. These SR images were then used to determine
the final resolution of different exemplary molecular arrangements, and to compare
with ground truth data provided by the positions of the emitters as generated at
the start. All simulations were implemented using Python 3 and can be found at
https://github.com/hoogenboom-group/SR_simulator.

All parameters used in our simulations were based on values experimentally ob-
served by us (Chapter 3) or others [100]. The PSF FWHM and camera pixelsize
were based on our own setup and were set to 380 nm and 100 nm respectively.
The shot noise contribution to the background noise was calculated by taking a
random value per pixel from a Poisson distribution of which the mean was set to
the total intensity level of that pixel. After that, a background noise with normal
distribution of 200 photons/s variance was added. We chose a normal distribution
as the contributions to the background noise can come from different independent
background contributions such as read noise from the camera and background
fluorescence.

We modelled different fluorescent molecules, taking values reported by Srinivasa
Raja et al. [100] for respectively tetramethylrhodamine (TRITC) and Alexa Fluor 594
(AF594) in vacuum and ambient conditions. We modelled tetraphenoxy perylene
diimide (PDI) and rhodamine isothiocyanate (RITC) in vacuum based on the experi-
mental values found in Chapter 3. The signal strength was set to 1700 photons/s
for all molecules, except for AF594 in ambient conditions. AF594 average fluores-
cence intensity in ambient conditions was increased by 25% to reflect the dimming
in vacuum observed by Srinivasa Raja et al. [100]. The signal strength was then
multiplied by the camera exposure time and the fraction of time an emitter was on
during the camera frame. When comparing our estimates for the background noise
and photon yield we find comparable although slightly lower SNR values as to for
example Marsh et al. for similar PSF size [37]. However, due to our larger PSF we
expect to obtain lower resolution reconstructions as the total signal is spread out
across more pixels. Four scenarios for the fluorescence dynamics were implemented
as described below.

Photobleaching lifetimes & bleaching assisted localization

The point in time where the simulated emitter photobleaches was drawn from an
exponential distribution resembling the reported photobleaching lifetimes. Once
photobleached, the emitter intensity was set to zero. Photobleaching lifetimes
reported in the literature were based on an excitation intensity of 185 W/cm?. As
we base our simulations on fluorescence intensity and background levels observed
for 2 kW /cm?, we assumed a linear scaling of the photobleaching lifetimes in this
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excitation range. This led to fluorescent lifetimes of 10.3 s and 103 s for TRITC
and RITC, and 4.96 s and 12.4 s for AF594 in respectively ambient and vacuum.
Perylene lifetimes were measured with a light source fluence of 0.03 kW / cm? and
scaled linearly, resulting in lifetimes of 87.5 s in vacuum (Chapter 3). The number of
images of each image series was set to 4 times the photobleaching lifetime given the
camera exposure time.

Electron irradiation induced blinking dynamics

Electron irradiation induced blinking was simulated by temporary switching off
molecules, across the image field of view followed by gradual recovering. Param-
eters were based on observations in our previous experimental work using PDI
molecules (Chapter 3). In our simulations, electron irradiation across the entire
field of view was repeated every 200 ms. After each irradiation, molecules were
switched off with probabilities P(O) ranging from 0% - 30% which is based on the
data presented in chapter 3 for electron landing energies ranging from 0 eV to 5
eV (Fig. 3.2). A switched off molecule had a 10% probability to be permanently
bleached. The non-bleached molecules were switched back to the fluorescent state
by drawing dark state residence times from an exponential distribution with an
average 1.3 s lifetime, based on figure 3.2. We assumed that emitters in a dark state
were unaffected by low-energy electron irradiation. Thus, once an emitter was
switched to a dark state, additional electron irradiation would not prolong the dark
state or cause the emitter to bleach in our simulations. The timespan of each image
series was set to 4 times the photobleaching lifetime, and camera exposure time was
set to 600 ms. 10 unique image series were generated per structure for each value
for P(O).

Photo-induced recovery after electron-induced darkening

We simulated fluorescence dynamics for molecules switching to dark state caused
by electron irradiation, and an instantaneous recovery of fluorescence caused by
a photostimulation. We can achieve sparsity in an image frame with the electron
irradiation such that we can perform localization on the single emitter. By then
switching all the dark emitters on again, we can repeat this process again until a
high-resolution image can be reconstructed. For this technique of photo-induced
recovery of electron-induced dark states we based our values on our experiments
performed on RITC molecules (Chapter 3). In our simulations, we started electron
beam exposures at 1.2 s and repeated those at intervals of 3 s. During electron
beam exposures the RITC emitters were allowed to switch off with a probability
P(O). Emitters that switched to an off-state could either enter a temporary dark
state with a probability P(D | O) or permanently bleach with probability P(B | O)
ie,P(B|O))=1-P(D|O). All emitters in a dark state could switch on again after a
photo-excitation which started at 3s and repeated at an interval of 3 s. We assumed
that emitters in an off-state were unaffected by additional electron beam exposures.
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Due to a fraction of the emitters bleaching after every electron iteration, the density
of the emitters that can still be switched decreases after every iteration. Therefore,
to retain an optimal sparsity after each electron irradiation we scale P(O) after
every iteration to have an expectation value of 1 fluorescing emitter after electron
irradiation: P(O)n =1—1/(N — Npjeached)- Where N and Npjeached respectively
represent the total number of emitters and the number of bleached emitters. For
the first electron irradiation (n=0), we regard none of the emitters bleached, i.e.
P(O)g =1 — 1/N. The number of bleached molecules before electron irradiation at
iteration n can then be described as follows:

Npieached = (N - 1) ’ (1 - P(D | O)n) ~N- (1 - P(D | O)n) (4.1)

Where N-1 originates from the fact that every iteration we expect 1 emitter to remain
on. From the expression of Nyjeached follows:

1
P(O)y=1- (N-(1—(1=P(D]O)")))
1
=1~ wrom -
_,_(1-PO)
(P(D|O)")

We use this final expression to scale the probability of switching off fluorescent
molecules after every iteration.

We varied the likelihood of bleaching after electron irradiation P(B | O)) from the
experimental value of 25% to up to 1% to see the effect on image reconstruction
quality. Since with higher P(B | O)) values more emitters bleach with fewer electron
irradiations we increased the timespan of each image series from 54 s to 1380 s for
respectively P(B | O)) = 25% to 1%. For each image series, we've used a camera
exposure time of 600 ms.

Fluorescence brightening after electron irradiation

Finally, we ran simulations on emitters becoming fluorescent after electron irradia-
tion. Here a fraction of fluorescent emitters was switched on, such that these could
be localized. After sufficient time, these molecules would switch off again and the
process could be repeated. In these simulations of the electron-induced brightening
of fluorescent molecules, we used parameters based on our observations for AF594
(Chapter 3). The measured lifetime of the brightened state was 48 seconds for an
excitation intensity of 0.03 kW/cm?. As in the simulations we used photon yields
that would match to an experimental situation with 2 kW /cm? excitation power, we
again assumed linear scaling of the photobleaching lifetime to obtain a simulation
value of 0.72 s. Electron exposure was simulated at intervals of 3 s. After electron
exposure each emitter had a chance to switch on. These probabilities were set to the
inverse of the number of molecules in the PSF for the different structures. Once in
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the bright state, the molecule was assumed unaffected by the electron irradiation
and emitters were allowed to switch on multiple times, until photobleaching. For
the image series we’ve used a camera exposure time of 200 ms and the number of
electron irradiations was varied according to the different molecular arrangement
described in detail below. This meant that we used 140 electron irradiations for the
spaced circles, 400 for the ring and 1000 for the crossing lines.

4.2.2. Localizations

All localizations were performed using ThunderSTORM [105]. For BaLM and
HAWK, data was filtered with 100 nm < o < 200 nm, for other techniques with 140
nm< o < 180 nm. Particle detection used a wavelet filter of “B-Spline order’ 3 and
‘B-Spline scale’ of 2. We used the ‘integrated Gaussian’ PSF model and maximum
likelihood estimation with a fitting radius of 6 pixels. For BaLM and electron-
induced blinking, images were processed before performing the localizations. For
BaLM, consecutive frames were subtracted to perform localization on the resulting
image series. For the electron-induced blinking emitters we first used HAWK [37]
using a group level of 5 and separating the negative and positive values. We then
used ThunderSTORM with multi-emitter (ME) fitting on the HAWK output limiting
the number of emitters per PSF to 2.

4.2.3. Simulated molecular arrangements

For all four scenarios, we used three types of structural arrangements to assess the
performance of the localization microscopy algorithms. The first structure consisted
of two 128 nm diameter disks at an edge-to-edge separation of 100 nm, each contain-
ing 45 randomly distributed molecules. We chose this structure because it resembles
the situation we encounter for antibody labelled insulin granules in zebrafish tissue
(P. de Boer, B. N. G. Giepmans, personal communication), which could serve later
as an experimental validation system. The second structure consisted of ring-like
arrangements with diameters ranging from 200 nm to 600 nm and emitter density
of 200 emitters per pm along the circumference. As a third structure, we used two
lines crossing at an angle of 30°, with separation varying from 0 nm to 400 nm, and
a density of 1000 emitters per um. Finally, for BaLM, additional simulations were
carried out with 100.000 emitters randomly distributed across 256x256 pixels giving
a density of 153 emitters per pm?. All these generated molecular positions served
as ground truth in the evaluation of localization performance.

4.2.4. Precision and recall

The performance of the localization approaches was quantified using recall, i.e.,
the ratio of correctly localized versus total emitters, and the precision, i.e., the ratio
between correctly localized and in total localized emitters. These were determined
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by first filtering per frame both the localizations and their coordinates, and the
molecules tthat should be localized because of for example bleaching or blinking
during that frame, i.e. the ground truth. Next, we calculated the distances between
the localizations and ground truth positions and find the optimal minimal distances
between their coordinates of the set using a linear sum assignment algorithm.
Finally, we excluded emitters with a distance larger than a tolerance radius of 100
nm for BaLM and HAWK, or 30 nm otherwise. We then calculated the precision and
recall and repeat this procedure for 10 image series, after which finally the average
recall and precision were calculated.

4.3. Results

We evaluated four scenarios for localization-based SR microscopy exploiting altered
molecular fluorescence dynamics that could be achieved in integrated microscopy.
These are: (i) altered photobleaching dynamics, specifically prolonged fluorescence
lifetimes, under vacuum,; (ii) fluorescence reversible switching induced by timed,
localized electron exposure, (iii) instantaneous photo-induced fluorescence recov-
ery after electron exposure induced darkening, and (iv) fluorescence brightening
induced by electron exposure. Below, we present our simulation results for each of
these four scenarios.

4.3.1. Bleaching-assisted localization in vacuum

In bleaching-assisted localization, consecutive image frames are subtracted to gener-
ate sparsity due to the subset of molecules photobleaching between the frames (Fig.
4.1A). We used parameters experimentally obtained for Alexa Fluor 594 (AF594), a
bright and stable dye often used in biology experiments in ambient conditions and
found to exhibit prolonged photostability in vacuum, and tetramethylrhodamine
(TRITC), a dye that was observed to be particularly bright and stable in vacuum
[100]. We refer these two model cases with the respective molecular dye names.
Subtracted image frames at 3x the photobleaching lifetime clearly demonstrate the
improved sparsity in vacuum compared to ambient for both AF594 and TRITC (Fig.
4.1B). Note that for AF594 the reduced fluorescence signal in vacuum compared to
ambient is also apparent, as is the higher fluorescence intensity per image frame
compared to TRITC. For TRITC the dimming between ambient and vacuum does
not occur. Yet its 10x and 20x longer photobleaching lifetime in vacuum compared
to TRITC and AF594 in vacuum, respectively, leads to an even more sparse distribu-
tion. This is also evident upon comparison of the number of molecules that have
not photobleached as a function of time (Fig. 4.1C). Hence, we expect for TRITC
in vacuum to have a lower amount of overlapping bleaching emitters per camera
frame, compared to the other scenarios. This should lead to more localizations
compared to the other conditions, while the higher signal per frame for AF594 in
ambient conditions favors the likelihood of discerning a molecule over the back-
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ground. We therefore assess the quality of the reconstructions for AF594 in ambient
versus TRITC in vacuum next.
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Figure 4.1: (A) Simulated consecutive frames of randomly distributed AF594 molecules are subtracted
to obtain a sparse image on which localization can be performed. (B) Resulting subtracted simulated
images obtained at t = 3o}, for AF594 and TRITC in ambient and vacuum conditions. AF594 has 25%
increased luminescence in ambient conditions compared to vacuum. While in vacuum conditions the
photobleaching lifetime increases (C) by 2.5x to 12.4 s for AF594 and 10x to 104 s for TRITC.

Three different structures were simulated and reconstructed based on the subtracted
images series: two 128 nm diameter disks with an edge-to-edge separation of 100
nm, a 600 nm diameter ring, and two lines crossing at an angle of 30° (Fig. 4.2A).
The first structure was chosen as it could represent an experimental validation
system consisting of immuno-labelled insulin granules in zebrafish pancreas tissue
which is often used in our lab. The second structure could represent a fluorescence
labelled vesicular membrane or membrane protein. The third has varying molecular
separation and could represent a pair of crossing microtubules or actin fibers.

Each of these three structures are clearly unresolvable in wide field fluorescence,
while ground truth data generated by localizing each simulated emitter individually
reveals the input structures (Fig. 4.2A). The images reconstructed with bleaching-
assisted localization for AF594 in ambient and TRITC in vacuum show the differ-
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ences expected from the result of Fig. 4.1: AF594 shows only very few but clear
and high intensity localizations; TRITC shows many more localizations due to the
reduced photobleaching rate but with lower intensity and higher uncertainty. For
AF594, localizations are too few to discern any of the structures, which is confirmed
with cross-sections taken along the center of the structures (Fig. 4.2B). For TRITC
in vacuum the structures can be resolved based on the cross-sections, but for the
two granular circles it is apparent from the images that this is only the case for this
specific row of pixels. For the 600 nm ring with TRITC in vacuum it can be seen
that molecules are localized around a ring, but the precise shape and width cannot
be determined. Finally, for the crossing lines, the cross section reveals the presence
of two lines for 180 nm spacing, which for increasing spacing is also evident upon
visual inspection of the reconstructed image. Thus, while AF594 in ambient gives
a higher localization accuracy, TRITC in vacuum will lead to a higher number of
localizations needed to extract information about underlying structural detail. To
better assess how well the input structures are resolved we also conducted a false
positives and negatives analysis.

Recall, the ratio of correctly localized and total emitters, and precision, the ratio
between correctly localized and total number of localized emitters were calculated
and averaged over 10 image series. For recall, we find no significant difference
between the separated disks for AF594 and TRITC (Fig. 4.2C). For the other two
structures recall is significantly higher for TRITC in vacuum. Since recall represents
missed localizations, this is most likely caused by simultaneous bleaching of multi-
ple emitters during a single frame in case of AF594. Both the 600 nm diameter ring
and the crossing lines have many emitters in the area of the PSF at the start of image
acquisition (respectively 150 emitters and 850 emitters) with respect to the disks
(90 emitters per PSF). Thus, for these higher densities we expect a larger amount of
overlapping bleaching emitters resulting in a lower recall. For the precision (Fig.
4.2D), we find higher values for AF594 compared to TRITC in case of the disks and
crossing lines. Most likely, this is caused by the higher brightness and thus higher
signal-to-noise-ratio (SNR) of AF594 in ambient conditions compared to TRITC in
vacuum. We cannot draw conclusions for the 600 nm diameter ring structures due
to the high uncertainty for AF594, which we expect to be caused by the low number
of localizations. To decipher the dependence of recall on the local emitter density,
we evaluated localization and recall as a function of the local emitter density.

We tracked the recall and precision for different local emitter density by conducting
the averages over the 10 image series for different photobleaching timestamps and
emitter locations. For TRITC, data was smoothed using a rolling average window
of 50 datapoints. For the 2 disks, recall starts to improve at approximately <20
emitters within a PSF-sized area for both AF594 and TRITC (Fig. 4.3A, B). For the
crossing lines, we observe an increase in recall below around 35 molecules in a PSF
area for TRITC in vacuum, while for AF594 the recall remains poor. Finally, for the
ring structure we find that the recall remains poor for all observed densities. The
precision is close to 1 in both cases for the disks and crossing lines, while for the ring
structure for TRITC in vacuum we find the precision starting to rise only below 10
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Figure 4.2: (A) Simulated LM data of 2 64 nm radius circles with 100 nm edge-to-edge distance (top),
600 nm diameter ring (center) and crossing lines (bottom). Photobleaching emitters of AF594 in ambient
(9=4.96s) and TRITC in vacuum (=103s) were localized using BaLM. TRITCs lower photobleaching rate
allows for more localizations. Red lines indicate the ground truth structure. Cross-sections were taken
across the dashed lines (B) and show how most structures cannot be resolved. The average recall (C) and

precision (D) taken across 10 image series per structure show how TRITC in vacuum has a higher recall
for high-density structures, while the precision is generally worse.
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emitters in a PSF area. Surprisingly, we find that for the ring the precision initially
decreases before it starts to rise again. This may be caused by several molecules
bleaching at the same time at the highest densities, which results in there always
being a localization close to any of the bleaching molecules.

We now use above established optimized densities for the different structures to
see of this improves the final reconstruction image. We thus reconstructed the
images after excluding the image frames where the local density was higher than
the thresholds established above (Fig. 4.3C). Indeed localizations now appear closer
to the ground truth, yet due to the low starting local densities, only few localizations
appear. This makes that the structural detail can no longer be resolved using
localization microscopy.

Our simulations suggest that TRITC could be used in vacuum to achieve a higher
optical resolution for correlative microscopy using BaLM. We even find that it could
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Figure 4.3: The recall and precision of (A) AF594 in ambient and (B) TRITC in vacuum given the average
number of emitters in the PSF FWHM with a camera exposure time of 600 ms. For the 2 spaced circles
we observe an increase in the recall 20 molecules in the PSF FWHM for both AF594 and TRITC. For the
crossing lines we see the recall increase at 40 molecules in the PSF FWHM for TRITC in vacuum only.
The recall for the 600 nm diameter ring remains low for both scenarios. The precision is generally high
for most cases, except the 600 nm diameter ring with TRITC molecules in vacuum. We note that the
number of datapoints for AF594 is significantly less due to the higher photobleaching rate, causing most
emitters to be bleached within 32 frames. (C) Localization reconstructions of the spaced circles, 600 nm
diameter ring and crossing lines started at frames where the density was approximately 20 emitters, 10
emitters and 35 emitters per PSF FWHM, as indicated by colored dashed lines in (B). Localizations are
closer to the ground truth, but the structures themselves can no longer be resolved.
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outperform AF594 in ambient conditions. Despite this, we find that the recall of this
technique is poor resulting in generally <10% of the total emitters to be detected.
Our findings, for ambient conditions, are found to be different from results found
in literature [102, 106]. This could be due to the AF594 having a photobleaching
lifetime of less than 5 s, while the data from, for example, Simonson et al. suggest
lifetimes of hundreds of seconds. This could be explained by their use of oxygen
scavenging agents to improve fluorophore stability while our data, based on the
findings of Srinivasa Raja et al. [100], were reported without these agents. Another
detail that could affect the result is a different estimate of experimental parameters,
most notably SNR.

We established optimal emitter densities where, according to simulations, BaLM
starts to improve in performance giving higher localization accuracy. However,
we also find that the structural layout itself is unresolvable due to lower starting
density yielding too few localizations. Yet, for integrated CLEM this does not have
to be an issue since the underlying structure will be resolved with EM. Instead with
CLEM, interest may primarily be on the location of the fluorescent molecules with
respect to the EM structural detail, for which the bleaching assisted localization
can give more information compared to the standard wide field FM. It would then
simply suffice to record the wide field fluorescence time series until all molecules
are bleached.

4.3.2. Electron beam induced reversible switching

We have previously demonstrated that electron irradiation can switch off a fraction
of the fluorescent molecules in a sample followed by a gradual recovery on a seconds
timescale (Chapter 3). Especially for electron landing energies close to 1 eV, most of
the fluorescent molecules will recover their fluorescence. The resulting local intensity
fluctuations in time could then be separated after which localization microscopy
can be performed. Since, based on the experiments, up to 30% of the fluorophores
can be expected to be temporarily switched off after electron irradiation, many
local stochastic fluctuations are expected. Several methods have been developed
to distinguish high-density stochastic fluctuations in wide field fluorescence time
series. We chose to use HAWK in combination with ThunderSTORM multi-emitter
(ME) fitting to minimize imaging artefacts during reconstruction [37]. HAWK uses
Haar wavelet kernels of multiple orders to bandpass filter pixel fluctuations in time
and then separates the positive and negative outputs. The output of the filtering
results in sparse images on which the ME fitting can be performed.

Fluorescence emitters were modelled to be exposed to low-energy electron irra-
diation every 200 ms. After electron irradiation, each emitter was given a chance
to temporarily switch off with a probability P(O). Once switched off, the emitter
had a 90% probability to recover defined by a single exponential with a lifetime of
1.3 s. Besides these electron-induced fluctuations, fluorophores could photobleach
when in the fluorescing on state. Figure 4.4A illustrates the procedure, showing 3




56 4. Electron-induced superresolution approaches

consecutive frames acquired with 600 ms exposure time. Between the first 2 frames
electron irradiation occurs, causing a few emitters to switch off. In the final frame, a
few emitters have switched on again. Using HAWK, we separate the temporarily
switched off emitters from the ones permanently on as demonstrated in figure 4.4A.
Here, application of a 1st order Haar wavelet kernel to frame 1 and 2 in figure 4.4A
gives a sparse image which can then be used to localize emitters (Fig. 4.4B).

Electron-induced reversible switching in combination with HAWK drastically im-
proves the resolution and quality of reconstructed images compared to BaLM in
vacuum. The two disks (Fig. 4.4C) and the crossing lines (Fig. 4.4D) were simulated
for P(O) ranging from 0% to 30%. In these reconstructed images we see that the
number of localizations appears to increase overall compared to BaLM, even when
there is no blinking induced. This could be caused due to using a Haar wavelet
of multiple orders, allowing us to discern more photobleaching events then when
using image subtraction between consecutive frames only. Interestingly, we seem
to observe an inhomogeneity along the profiles of the crossing lines where less
localizations appear halfway each line’s length. The higher number of localizations
at large line spacing could be explained by a lower local density of fluorophores.
This results into a lower local SNR resulting in a higher likelihood of detecting a
switching emitter. At spacings where the individual lines become unresolvable,
more localizations per pixel appear because localizations from both lines will be
added together. This could explain why the intensity along the line show a mini-
mum halfway. With the electron-induced switching (P(O) > 10%), we additionally
observe an improvement in resolution of the reconstructed images. More specifi-
cally, we barely observe localizations in between the disks, and the crossing lines
can be resolved to closer distances with electron-induced switching.

The resolution improvement with HAWK and electron-induced blinking is quan-
tified by averaging 10 reconstructions per structure and per value for P(O). Cross-
sections clearly show how for each switching probability the disks can be separated
(Fig. 4.4E), even when P(O) = 0% and only photobleaching occurs. For the two lines,
we see that lines down to 180 nm can be resolved for P(O) > 10% (Fig. 4.4F).

We next assess reconstruction of the ring structure where in view of the successful
results on the other structures, we varied ring diameter from 600 nm down to 200
nm, i.e. well below the diffraction limit. Rings can be resolved down to 300 nm
diameter with P(O) = 10% (Fig. 4.5A), which is clearly confirmed in the cross-
section profiles (Fig. 4.5B). The 300 nm diameter ring can also be resolved for the
other switching probabilities (Fig. 4.5C), but the ratios between peak heights shift.
Electron-induced switching lowers unwanted localizations close to the center of the
ring compared to 0% switching probability. This all clearly demonstrates how using
electron-induced switching in combination with HAWK can drastically improve the
resolution fluorescence localization in CLEM.

Using HAWK for photobleaching samples, without electron-induced reversible
switching of the emitters, results in higher quality of the reconstructed images
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Figure 4.4: Simulation of molecules blinking after electron irradiation. (A) In typical consecutive frames
in the simulation, fluorescent molecules such as the highlighted one are irradiated in (2) and recover
in the subsequent frame. We use 5 level HAWK to distinguish blinking emitters in time, and perform
localization on the output. (B) The level 1 HAWK output shows the blinking molecules between frame 1
and 2 of (A). Reconstruction of (C) two disks and (D) two crossing lines with different probabilities for
molecules to switch off (P(O)). (E-F) cross-sections show the improved resolution for blinking emitters,
and up to 180 nm resolution for the crossing lines. All reconstructions were averaged over 10 image
series. Scale bar: (A-B) 800 nm, (C-D) 300 nm
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Figure 4.5: HAWK reconstructions of electron-induced blinking perylene molecules in a ring configu-
ration. (A) Reconstruction of ring structures of different diameter with 10% probability for molecules
to switch off and (B) cross-sections show that this structure is resolvable to up to 300 nm diameter. (C)
Cross-section of 300 nm ring for different P(O) show that 10% gives the highest resolution without shifted
intensities in the peaks. All reconstructions were averaged over 10 image series. Scale bar: 300 nm.

than when using the BaLM dataprocessing. This approach using HAWK should
be feasible for other dyes as well, including TRITC, due to the generic nature of
photobleaching of the emitters. Furthermore, the quality of the reconstruction is
expected to improve further in practice since emitters in vacuum also show blinking
behavior, resulting in possibly more localizations per emitter [100]. The number of
localizations and the resolution of the technique would improve even further when
introducing the reversible electron-induced switching. This switching should also
prolong the photobleaching lifetime of emitters more prone to photobleaching as
these emitters will spend more time in a transient dark state. While HAWK com-
bined with ME-fitting has several advantages over BaLM in the final reconstruction
of optical images, we would also like to note that the computational cost is higher
due to (i) the use of ME-ftting and (ii) multiple localizations of the same emitter due
to the higher order Haar wavelet filter.

Using HAWK, structures can be resolved with higher detail compared to images
acquired with wide field imaging. We note however, that for smaller line spacing
and rings of 200 nm diameter the technique is unable to resolve the structures
in detail. To resolve these structures in more detail, single molecule localization
microscopy techniques could be utilized. However, to perform single molecule
localization inside an SEM calls for the use of unconventional techniques to switch
the emitters on/off. Low-energy electron irradiation at few eV landing energies
can help with this, since the lower energy gives a more precise control over which
states are induced in the fluorescence. In the next paragraphs, we describe and
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verify single-molecule localization techniques that would utilize low-energy electron
beams.

4.3.3. Instantaneous photo-induced fluorescence recovery after electron-
induced switch-off

We have previously demonstrated that molecules may be photo-stimulated to
switch on after being switched to a dark state with low-energy electron irradiation.
The reported example for this approach was Rhodamine B isothiocyanate (RITC),
which could be photo-switched on again using a 405 nm pulse exciting the radical
anion formed after electron irradiation (Chapter 3). Thus, we could temporarily
create a sparse number of fluorescent emitters by switching most of the emitters
off with electron irradiation (Fig. 4.6A) such that high accuracy localization can be
performed on the emitters that are still on. Then, by using the photo-stimulation, all
dark particles can be switched on again and the process can be repeated until most
emitters are localized. This would bring an advantage over the previous approach
since all localizations can be performed with sufficient sparsity to do (near-) single
molecule localization which should give higher accuracy. We therefore conducted
simulations where at fixed intervals several emitters are first switched to a dark
state followed by photo-stimulated recovery of all dark emitters switch on.

In our simulations, electron irradiation and thus molecular fluorescence switch-off
occurs every 3 s, and is set such that only 1 emitter remains on. Experimentally,
this would mean that the probability to switch off an emitter, P(O), would be tuned
at each step by adjusting the electron dose. The initial dose would then be set by
an estimate of the local emitter density based on detected fluorescence signal. The
switched off emitters are then given a probability to be in the dark state, (P(D | O)),
or to be permanently bleached, P(B | O)), with P(B|O)) =1-P(D| O). 1.8 s after
electron irradiation, the photo-recovery is simulated by switching all dark emitters
on again. Thus, after every iteration the total number of fluorescent emitters is
reduced by a factor of 1- P(B | O)).

Two disks labelled with RITC molecules with dimensions and labelling density like
before were modeled according to the above scheme. The probability to permanently
bleach from the dark state was varied from P(B | O)) = 25% to P(B | O)) = 5% and
P(B|O)) = 1%. A 25% likelihood to bleach after electron irradiation corresponds
to the average values found for RITC in Chapter 3. Image reconstructions in this
case reveal how only a few emitters are localized, which improves considerably for
lower bleaching odds (Fig. 4.6B, C). Thus, with 25% of switched emitters bleaching
per switching and localization cycle, too many emitters are lost before they can
be localized. Furthermore, localizations observed in between the disks suggest
that multiple emitters in separate disks remain on after electron irradiation. These
artefacts appear to decrease when the odds of bleaching after electron irradiation
decrease.
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Figure 4.6: Simulations on RITC, localization microscopy is performed by (A) creating sparsity with
electron irradiation (e-) until most emitters are switched off given by P(O), followed by a photostimulus
(h*) such that dark molecules switch on again. This process can be repeated multiple times, but after
each electron exposure a number of emitters will bleach with probability P(B | O)). This leads to a
decreasing number of emitters recovering after each iteration as can be observed between n=2 iterations
and n=10 iterations. (B) Reconstructions and (C) cross-sections for different percentages of bleaching
per electron irradiation demonstrate how the reconstruction quality improved with lower probabilities
of bleaching. The quality in reconstruction improves due to an increasing amount of emitters being
localized. (D) The fraction of emitters localized (orange) given the probability to bleach after electron

irradiation confirms that the fraction of total emitters detected is the main contributor for quality of the
image reconstruction.
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We verified the importance of emitter bleaching by calculating the fraction of total
emitters detected, which was done in a similar way as the recall calculations in the
previous sections except for setting the tolerance radius to 30 nm (Fig. 4.6D). De-
creasing P(B | O)) from 25% to 1% shows significant improvement of the percentage
of emitters resolved. With P(B | O)) = 25%, only 7% of the emitters are localized,
which increases to 35% for P(B | O)) = 1%. Note that the latter value is far from
the 100% of total emitters. Two factors in particular contribute to this. First, the
expectation value of having 1 emitter that remains fluorescing per iteration, implies
that also none or more than one emitters can be on after an electron irradiation
cycle. Second, individual emitters can be localized multiple times, especially when
the density of emitters decreases as the number of cycles increases. Including both
effects in a simple probabilistic model is difficult due to the decreasing number of
particles affected after each electron irradiation and the changing probability of
number of particles switching off after each cycle.

Reduction of the electron-induced bleaching probability to 1% (i.e. P(B | O)) = 1%),
gives superior performance for this approach compared to HAWK. This is further
illustrated with localization and reconstruction results for a 200 nm diameter ring
and the crossing lines structures. For P(B | O)) = 25%, we find only a handful of
emitters along the structures due to a large number of emitters that bleach (Fig.
4.7A). Meanwhile, both the 200 nm ring, and the crossing lines down to 100 nm
spacing can be resolved (Fig. 4.7B-D). Thus the switching and recovery scenario
of photo-induced switching indeed improves resolving spatial layout of molecular
labelling over pure blinking approaches bringing this closer to more traditional
single molecule localization approaches.

The localization accuracy using the instantaneous photo-induced switching tech-
nique is expected to be unaffected by the emitter density if the density is properly
estimated a priori. In figure 4.6B we see localizations in between the two spaced
circles, explained by multiple emitters in separate circles being on after electron
irradiation. The probability of having 2 or more emitters will be given by 1 minus
the probability of having 0 or 1 emitter remaining on after electron irradiation:

P(Non >2) =1—P(O)N = N(1 - P(0))P(O)N"! (4.3)

Since we scale P(O) such that only 1 emitter is expected to remain on (P(O)=1 -
1/N), we obtain:

LN LN

P(Non >2) =1 (1= )N — (1- 1) (44)
For N in the range between N = 1- 102 to 1 - 10* we then get P(N,, > 2) ~ 0.26424
for all values of N in this range. Thus, the dependency of multiple emitters on after
electron irradiation on the local density is negligible if one scales P(O) accordingly.
This probability could be reduced even further by decreasing the expectation value
to even lower than 1 emitter on. This would come at the cost of the recall, as
the expected number of localizations per electron irradiation decreases while the
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Figure 4.7: Instantaneous photoswitching of electron induced dark states with low odds to bleach after
electron irradiation result in high-resolution images. Reconstructed images and cross-sections for the
technique where (A) 25% and (B) 1% of the emitters bleach after being electron irradiated for (left) a 200
nm diameter ring and (right) crossing lines. (C-D) Cross-sections show how for the crossing lines (D), a
minimal spacing of 100 nm is reached by temporarily creating sparsity with electron irradiation followed
by an instantaneous photo-induced recovery.

expected number of bleached emitters will increase. More issues could arise when
the emitter density is not known a priori. In this case P(O) and the scaling of P(O)
will be off, which could lead to significantly more imaging artefacts if the emitter
density is underestimated.

Localization microscopy using instantaneous photoswitching of electron-induced
dark states in correlative systems allows for higher localization accuracy compared
to methodologies based on photobleaching or blinking of overlapping fluorophores.
However, such a technique comes at the cost of recall due to the limiting number of
localizations possible. Using commercially available RITC with a 25% probability to
bleach after switching dark would mean that only 7% of the emitters are localized
for a structure with 90 emitters hidden in the PSF. For the ring and crossing lines
we find similar issues, although we still appear to have a high localization accuracy.
As mentioned before, the low recall does not always have to be an issue since
many structures can be resolved with EM in CLEM. Decreasing the likelihood
of bleaching results in a much better-quality reconstructed image. For 1% of the
emitters bleaching after electron irradiation, each structure can be discerned with
high accuracy. The downside of photo-induced switching technique is that, to
obtain sufficient sparsity, one needs to have an estimate of the density of emitters
beforehand, which is not always practical. This means that during experiments one
needs to optimize the dose beforehand such that only 1 emitter remains on. This
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makes it tricky to use this technique if one does not know everything about the
sample beforehand and could lead to imaging artefacts. In a practical setting, the
electron dose should therefore be calibrated beforehand. This in turn, could lead
to high-resolution optical images in CLEM using instantaneous photoswitching of
electron-induced dark states.

4.3.4. Electron-induced brightening localization microscopy

Besides an electron-beam induced switch off, we also obtained proof of principle
for electron-induced partial switch on with Alexa Fluor® 594 (AF594) (see Chapter
3). An ideal optimized dye would temporarily switch on after electron irradiation,
and shortly afterwards return to a non-absorbing or dark state. Sparsity would then
be achieved temporarily by switching a fraction of the emitters on with the electron
beam, allowing localization and repetition of the procedure after darkening (Fig.
4.8A). In this way, single molecule localization microscopy could be performed sim-
ilar to traditional techniques such as PALM, but for conditions and dyes compatible
with the environment of an electron microscope.

We simulated this scenario starting with an estimated lifetime of the on state of 0.72
s based on the observations described in Chapter 3. Because of this relatively short
lifetime, we set the camera exposure time to 200 ms to ensure that each molecule
was detected. We then implemented electron exposure with 3 s intervals, switching
a fraction of the molecules on. A binomial distribution was implemented for the
probability to switch a molecule on after electron irradiation by setting Pop, the
chance for a emitter to switch on, to approximately the inverse of 3 times the number
of molecules in the underlying structure. We chose this probability to ensure that
only none or 1 emitter would switch on after the irradiation. This way, imaging
artefacts due to multiple emitters at the same time lighting up are minimized.
Taking the same sample structures and molecular densities as before, this meant
Pon = 1/270 for the two disks, Pon = 1/375 for the 200 nm diameter ring, and P, =
1/2400 for the crossing lines. Thus, we have approximately 24% chance to switch
only 1 particle on for each of the structures. Experimentally. this probability could be
controlled with the electron dose. Once in the on state, we assumed that the particles
are unaffected by electron irradiation, but they could undergo photobleaching as
described in previous scenarios. Finally, emitters were allowed to switch on again
after being switched on in previous exposures.

All three test structures can be clearly resolved using this approach with results
very similar to the localization ground truth (Fig. 4.8B-D). The crossing lines can be
resolved down to a separation of 120 nm. Calculation of the total number of unique
localizations in each structure using a tolerance radius of 30 nm reveals 15 + 4% of
emitters in the disks, 18 + 3% of emitters in the ring, and 11 + 1% of the emitters
in the crossing lines are actually localized. While these numbers may seem low,
direct estimation of the expected number of localizations based on the input emitter
densities, the 24% probability of switching just one emitter on, and respectively 140,
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Figure 4.8: Simulations of an emitter that brightens after electron irradiation. Localization microscopy is
reached by (A) turning a single molecule on with the electron beam, wait until it returns to a dark state
and then the process is repeated. Reconstructions were performed after (B) 140 electron exposures with
1/270 probability to switch a molecule on for two spaced circles, (C) 400 electron exposures with 1/753
probability to switch a molecule on for a 200 nm diameter ring and (D) 1000 electron exposures with a
1/2400 probability to switch a molecule on for two crossing lines. The cross-sections of the reconstruction
(orange) and ground truth (dashed, black) taken at the dashed lines in the image show how both the
circles and ring can be resolved, and the lines up to 120 nm separation.

400, and 1000 cycles, indicates that only 30%, 32%, and 20 of emitters are expected to
be localized for respectively disks, ring, and crossing lines (see Appendix).The lower
values found in our simulations may be due to emitters drowned in the background.
Indeed, when we determine how many individual emitters light up after electron
irradiation in our simulation files which ignores drowning in background noise, we
find that 33 + 4%, 34 + 3% and 19 + 1% respectively, light up. Thus we conclude
that the above retrieved estimated percentages of molecules actually being localized
are correct. Therefore, besides the number of switching cycles and probability
to switch only one molecule on, background reduction is key to localizing more
molecules more accurately. We also note that these values would not be different
for similar techniques where switching is done by other means than low energy
electron irradiation. The above numbers could further be improved by increasing
the number of cycles. In the experimental situation this number needs to be balanced
to the allowed total experiment time when considering experimental factors like
drift.
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The resolution of 120 nm that we obtained on the crossing lines structure is lower
compared to what we observed for the photo-induced recovery. This could be
explained by the lower camera exposure time used here, resulting in a lower SNR.
We selected our exposure time here based on the experimentally estimated lifetime
of the on state. Higher excitation intensity and/or search for molecules with a
longer on-state lifetime could further improve the resolution for this approach.
Unlike the photo-induced recovery, the local molecular density does not have to be
estimated before starting the localization experiments. The relevant prerequisite
for this approach is that the electron dose needs to be chosen such that the chance
for switching on more than one molecule per PSF-equivalent area is substantially
low. Thus, further experimental development and implementation of this approach
needs establishing the calibration curves for switching vs electron dose.

4.4. Conclusion

We have proposed three new approaches for superresolution fluorescence mi-
croscopy that could be conducted in an integrated fluorescence and scanning elec-
tron microscope thanks to altered characteristics of fluorescent molecules in vacuum
or under electron irradiation. For each of these approaches, we demonstrated the
experimental feasibility using computer simulations based on experimentally ob-
served parameters. The first approach relies on a prolonged photobleaching lifetime
in vacuum compared to ambient followed by localization via subsequent image
frame subtraction (BaLM) or via higher order correlation of pixel intensity fluctu-
ations (HAWK). HAWK was observed to show superior performance compared
to BaLM in terms of resolution and number of resolved molecules, at the cost of
computation time. Moreover, application of HAWK would allow for a relatively
straightforward implementation of superresolution microscopy in the vacuum of
an integrated correlative setup. Evaluation of a wider palette of fluorescent dyes for
use in vacuum aiming for prolonged photobleaching lifetime and frequent blinking,
may lead to even better results than predicted here.

The other two approaches relied on, respectively, instantaneous photo-induced fluo-
rescence recovery after electron-induced switch-off, and electron-induced switch-on
from a dark or dim to a bright fluorescent state. For the first approach, it is essential
that the electron dose is set such that the fraction of molecules that remain on al-
lows for application of localization microscopy. Thus, a careful estimation of initial
molecular density based on the wide-field fluorescence images is needed together
with electron dose calibration. Furthermore, we have found that the fraction of
molecules that can be recovered versus those bleached after electron irradiation
is a crucial parameter. For currently experimentally established values of 75%
recovery, too many molecules are lost to give an improvement over the first ap-
proach using HAWK. Only for optimized molecules or recovery conditions leading
to 99% or more photo-induced recovery, this approach would be a viable alternative
potentially resolving, e.g. a 200 nm ring or 100 nm separated lines.
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Electron-induced switch on circumvents the limitations of photo-induced recovery
after electron switch off and could allow for results like established implementations
of localization microscopy. Currently, only one fluorescent molecule, Alexa Fluor
594, is known to exhibit electron-induced brightening. Further screening for and
development of electron-sensitive molecules that could be used as CLEM probes
is thus highly recommended. An optimized probe would show a clear off-on
switching and a prolonged on-state lifetime compared to the 0.7s used in this study.
An alternative to the optimization of single fluorescent molecules for this purpose,
would be the development of Forster resonance energy transfer donor-acceptor pairs
or photoinduced-electron transfer pairs where the acceptor or quenching pathway
is blocked after electron attachment. This would intrinsically lead to the desired
dark-bright switching in the donor fluorescence channel and could be guided by
screening known molecular pairs for low energy electron affinity.

4.5. Appendix

4.5.1. Expected number of unique localizations for electron-induced
brightening localization microscopy

We can estimate the expected number of unique localizations as follows. The
probability of localizing an individual molecule in an ensemble of N molecules after
k cycles equals:

P(localize molecule) =1 — P(not localizing the molecule)

:1_(1\11\_]1>k (4.5)

By then using the linearity of expectation we can determine the expected number of
unique localizations E[UL] by summing the individual expectation values, giving:

E[UL] =N <1 — <Nl\;1)k> (4.6)

Finally, we should replace k with the expected number of times we switch on only 1
molecule. Thus, we need to multiply k in the formula above with the 24% probability
of switching a single molecule on described in the text. For the different structures
with 140 iterations for the spaced circles, 400 for the ring and 1000 for the crossing
lines we expect respectively 30%, 32% and 20% of the total emitters to be localized.



Lifetime characterization of the
electron-induced dynamics of
perylene-diimide

In-situ fluorescence spectroscopy in a scanning electron microscopy has recently
been shown as a powerful new technique to examine energetic electron — organic
molecule interaction dynamics during and after electron irradiation. In this tech-
nique, fluorescent molecules report the presence of charge carriers in the sample
via transitions between the bright, fluorescent, neutral molecule and dark, non-
fluorescent, charged intermediates. Initial experiments revealed long lived (> 10 s)
anionic intermediates. As these anion intermediates showed reversible charged-to-
neutral reaction dynamics, evidenced in dark-bright fluorescence dynamics, further
study of the time scales involved is relevant for finding ways to mitigate damage
and charging in electron microscopy. Time scales below hundreds of milliseconds
were however not accessible due to low excitation power and long camera inte-
gration times of the wide-field fluorescence microscope that was integrated in the
SEM. Here, we use an adopted microscope set-up that allows higher power laser
excitation and faster fluorescence detection using a photo-multiplier tube enabling
sub-millisecond timescales. Irrespective of incoming electron energy, we observe an
instantaneous drop in fluorescence emitted from perylene-diimide upon electron
irradiation, followed by a gradual recovery of fluorescence. This recovery follows
a double exponential behaviour characterized by time constants varying between
5-150 ms, and 200 ms — 2 s respectively. For 2 eV incoming electron energy, close to
the resonance energy for direct electron attachment, we observe a reduction in the
longer lifetime component. We discuss potential mechanisms that could be respon-
sible for the observed double exponential recovery and give prospects for further
studies characterizing electron-molecule interactions after electron irradiation.

67
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5.1. Introduction

High energy radiation, such as (extreme) UV, X-ray, and keV electrons or protons, is
used in many technological applications to modify or probe a sample via chemical
changes induced locally in the sample. Applications include domains like lithogra-
phy, microscopy, medical diagnosis, or nanofabrication. These chemical changes
are often mediated by low-energy electrons (0 — 20 eV) generated in the sample by
the impinging radiation through a variety of possible pathways. The vast range of
potential pathways can lead to a plethora of end products, limiting the specificity to
the desired induced chemical outcome [83-87]. Reactions induced by energetic elec-
trons have been thoroughly studied by irradiating molecules in the gas-phase with
electrons of energies up to a few eV. The resulting charged fragmented end-products
are then detected and analyzed, providing a detailed map of chemical reaction
products as a function of incoming electron energy [42, 44]. However, detection
of reaction end-products leaves the underlying dynamics obscured. Furthermore,
most of the technological applications including electron and (E)UV lithography,
and radiation therapy, do not rely on molecules in the gas-phase. This makes that
the surrounding molecular environment can also play a crucial role mediating dif-
ferent types of reactions and altering the course of chemical processes compared
to gas-phase experiments [42, 44]. In-situ monitoring electron-molecule interaction
dynamics in model samples could bridge the current gap between gas-phase studies
and the relevant environment in applications.

Fluorescence microscopy integrated in a scanning electron microscope [11] allows
in-situ visualization of the dynamics of electron-molecule interactions. Using a
sample containing fluorescent reporter molecules that change their fluorescence
emission upon interaction with low-energy electrons, the dynamics following elec-
tron irradiation can be monitored in the sample (Chapter 3). In our previous work,
we used bright fluorescent molecules that became non-fluorescent upon transition
to a charged (anion or cation) state. With this method, we observed reversible
dynamics in the electron-molecule interactions taking place over multiple seconds
timescale. We then studied the energy dependence of this reversibility by monitor-
ing the initial decrease in fluorescence after irradiation versus the fraction of signal
that recovered. We found that by quantifying these ratios as a function of electron
energy, the reversible component can be explained by the formation of transient
anions that neutralize through charge transfer to the local environment (Chapter 3).

The observed reversibility can have important ramifications for further scientific
work. First, intervention with the reaction intermediates, e.g. favoring return back
to the neutral state or accelerating charge transfer to quenchers or the ground elec-
trode, could provide ways to mitigate damage, or, vice versa, direct damage to a
wanted reaction product. We already obtained proof of principle using a fluorescent
molecule with a photo-excitable anion, where anion excitation after electron irradia-
tion was indeed found to accelerate fluorescence recovery. Second, the reversibility
of electron-molecule dynamics as evidenced in a fluorescence bright-dark-bright
transition could be interesting for developing superresolution fluorescence localiza-
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tion techniques that can be combined with electron microscopy. In such techniques,
electron beam irradiation would be used to locally switch molecules to a fluorescent
dark state, and the gradual recovery of fluorescence could then allow retrieval of
the locations of single fluorescent molecules like existing all-optical localization
microscopy techniques [16, 17]. For both these applications, determination of the
time scales involved in the reversible dynamics is clearly of relevance. Thirdly, de-
termination of the time constant(s) involved in the observed fluorescence dynamics
may provide further insight in the precise mechanisms at play. In fluorescence spec-
troscopy, analysis of time constants involved in fluorescence intensity fluctuations
has in itself provided valuable insights in the type and number of processes involved
in molecular relaxation after photo-stimulation [29, 107-115]. Quantifying the time
constants underlying fluorescence dynamics after electron irradiation could thus
gain further fundamental insights in electron-molecule dynamics occurring inside a
sample. However, in our previous experimental work the temporal resolution for
read-out of the fluorescence recovery after electron irradiation was limited, only
allowing us to establish that processes could extend over a time scale of multiple
seconds without the resolution to uncover the underlying time constants.

Here, we use a modified version of our integrated fluorescence and electron mi-
croscopy setup that includes a laser source and a point-detector to allow faster
measurements after electron irradiation. We use this setup to characterize the time
constants of the fluorescence recovery of the perylene diimide (PDI) molecule that
we also used as a model system in our previous work. We show that we can sample
the recovery dynamics down to the milliseconds regime, uncovering two typical
exponential time scales involved in the recovery.

5.2. Methods

5.2.1. Fluorescence model sample

As a model fluorescent molecule we use N,N’-bis-propyl-1, 6, 7, 12-tetra-(4-tert-
butylphenoxy) perylene-3, 4:9, 10-tetracarboxylic diimide (PDI) for which we’ve
previously demonstrated long-lived fluorescence dynamics after electron irradiation
(Chapter 3). We spincoat 10 uL of 60 uM PDI diluted in toluene at 2000 rpm on a
microscope glass slide to obtain a homogeneous layer. The expected layer thickness
is in the order of tens of nanometers. The side chains of our PDI molecule provide a
steric repulsion preventing 7w — 7t stacking and excimer formation. The microscope
glass slide is covered by a 13 nm thick ITO layer which is again covered by a 10 nm
thick Al,Og3 layer deposited by ALD.

5.2.2. Integrated laser fluorescence and scanning electron microscope

We modified an existing high-NA fluorescence microscope integrated in a SEM [11]
with a laser combiner and point detector to be able to detect millisecond dynamics.
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An optical breadboard (Thorlabs) was mounted to a SECOM system (Delmic, Delft)
attached to a Verios SEM (Thermo Fisher Scientific). The SECOM stage was modified
to allow application of a retarding field for the electron beam with few eV landing
energies as described previously [39]. The optical breadboard allows for plug-and-
play placement of optical elements. An optical excitation path was added for a
CFLEX C4 laser combiner (Hiibner Photonics) with 405 nm, 488 nm, 561 nm, and
638 nm excitation wavelengths. For detection, we added a path to a photomultiplier
tube (PMT) (Hamamatsu) connected to a DLPCA-200 amplifier (Femto).

Adding these two paths meant that we had to change the existing SECOM optical
configuration. Both the fluorescence filters and tube lens were moved further away
from the microscope objective lens. This allowed addition of a retractable mirror to
select between two detection paths, one for a scientific Zyla 4.2 Plus CMOS camera
(Andor) and one for the PMT (Fig. 5.1). The free-space laser is expanded 10x using
a beam expander, reflected via a 409/493/573/652 nm quad-edge dichroic mirror
(Semrock) and then coupled into the vacuum of the SEM via a mirror and a window
separating ambient and vacuum. In the vacuum chamber, a 60x 0.95 NA plan
apochromat optical objective (Nikon) focusses the light onto a sample.

Fluorescence is captured by the optical objective and follows the same trajectory
back to the dichroic mirror, where it passes through, is filtered by a 600 nm longpass
filter (Thorlabs FELH600) and is then focused on either the camera or the PMT. A
retractable mirror is used to switch between the two detection paths. If the mirror is

Figure 5.1: We modified a SECOM-door by mounting an optical breadboard to the microscope door
for laser excitation and multiple optical imaging paths. (A) Schematic of the optical path used, a laser
combiner (LC) of 4 different wavelengths passes through a 10x beam expander (BE) and is reflected by a
mirror. A dichroic mirror (DM) is used to reflect the laser light into the conventional SECOM optical
module. Here (inset) the light is reflected upwards by a mirror (M) to a vacuum window (VW) and is
focused on the sample using a 60x optical objective lens (OL). Inside the vacuum, the sample can be
exposed to a focussed electron beam (EB). The emitted fluorescence is caught by the OL, passes through
the VW and is reflected by the mirror towards the DM. Here, the light passes through the DM and is
focused by the tube lens (TL) on either a CMOS camera or PMT. We switch between these imaging paths
using a retractable mirror (RM). We place a 200 um pinhole (PH) in the optical focus before the PMT to
filter most background light. (B) Photograph of the setup with multiple optical components indicated,
the optical breadboard is encapsulated in a black box to exclude background light.



5.2. Methods 71

retracted, light is focused on the camera. Otherwise, light is focused on a 200 pm
diameter pinhole before reaching the PMT to reduce background light. Switching
between these two paths allows a combination of optical inspection of the sample,
detecting fast fluorescence dynamics, and alignment between the electron beam and
PMT.

The electron beam, the PMT and the camera are mutually aligned using cathodolu-
minescence (CL). CL is generated in the glass slide using a 10kV electron beam with
400 pA current. First, the pinhole is aligned along the optical axis (z-direction), such
that the optical focus overlaps the pinhole position. For this, we scanned the electron
beam across the sample and mapped the PMT signal to the electron beam location,
effectively giving an image. We then moved the pinhole in z until we had a sharp
image of the pinhole with the highest photocurrent. Next, we aligned the pinhole
in front of the PMT in x and y directions such that the PMT signal corresponds to
center of the camera. For this we first parked the electron beam at a single spot,
and then moved this position until the corresponding CL spot was centered on the
camera. Using this electron beam position, we again map the PMT signal to the
electron beam position. We then center the image of the pinhole to the location of
the electron beam corresponding to the center of the camera by moving the pinhole
inxandy.

When varying the electron landing energy, the position of the electron beam with
respect to the fluorescence microscope can shift. Therefore, after every change of
electron beam energy, a small area of the fluorescence sample is scanned with the
electron beam. This leads to local bleaching in the sample, which is imaged with the
camera. We center this bleached area to the camera by moving the objective lens in
the xy-plane. Since the PMT is centered to the camera sensor, the PMT and electron
beam are aligned to each other as well. We also use this local bleaching at electron
landing energies < 20 eV, where EM signal is generally lacking. By minimizing the
local bleaching area we are able to focus the electron beam.

5.2.3. Electron exposure and fluorescence detection

Fluorescence dynamics of PDI is detected by continuously monitoring the fluores-
cence signal while performing a near-instantaneous electron irradiation. For this we
continuously excite the fluorescent sample using a 561 nm excitation wavelength
at 25 mW laser power while we detect the fluorescence signal using the PMT. The
PMT signal is amplified with a DLPCA-200 V/A amplifier, with a 107 amplification
and 50 kHz bandwidth. The voltage is additionally filtered with a 1st order low
pass RC-filter with 50 kHz cutoff frequency. Finally, the voltage was readout using
a National Instruments DAQ with a readout rate of 1 MHz.

In the experiments, we want to quickly expose part of the sample to electron
irradiation and then detect the fluorescence response. With the 50 kHz bandwidth
and MHz readout rate we can detect fast electron induced-dynamics. However, this
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also means that the electron beam exposure needs to occur fast, but with sufficient
dose to detect changes in fluorescence signal. Since our electron microscope is not
equipped with a fast blanker, we cannot obtain a quick single spot exposure centered
to the PMT. Instead, we scan a line through the area detected by the PMT. However,
as we move across the sample the alignment between the camera, PMT and electron
beam might change. To reduce the number of times we need to re-align, we scan 3
equally spaced lines with the electron beam. In case one of the scan lines moves out
of the field of view of the PMT, another one moves in.

Scan lines are 10 um long and scanned with a 1 keV primary beam energy at 3.2
nA current using a 20 nm pixel spacing and 200 ns dwell time. This results in a
local dose of approximately 10 e~ /nm? where each line takes approximately 100
ps to scan. Considering the 200 pm sized pinhole in front of the PMT and the 60x
magnification, the detected electron exposure lasts approximately 33 ps. Besides
1000 eV, landing energies of 50 eV, 20 eV, 10 eV and 2 eV are used by setting a
corresponding retarding field on the sample stage. We note that at this high beam
current, the electron beam monochromator in our SEM cannot be used, giving us
an electron energy spread of roughly 1.2 eV [39]. For all landing energies, we used
a 4 num line spacing except for 2 eV where we used a 5 um spacing to decrease the
likelihood of overlap of neighboring lines in the field of view of the PMT because of
additional defocus of such a low-energy electron beam.

5.3. Results

5.3.1. Temporal dynamics of fluorescence recovery after electron expo-
sure

Fluorescence from the PDI sample is continuously monitored before, during, and
after electron irradiation (Fig. 5.2A). Camera images acquired with a 10 ms exposure
time show the laser-excited area on the sample (Fig. 5.2B-I). Immediately after expo-
sure, the three scan lines of the 1 keV electron beam are clearly visible on the camera
due to fluorescence darkening induced by the electron beam (Fig. 5.2B-II). After
irradiation, we observe a partial recovery of fluorescence intensity in all three scan
lines (Fig. 5.2B-III). The PMT collection area overlaps with the center scan line as
indicated in Fig. 5.2B. Indeed, on the PMT, we observe an instantaneous drop in flu-
orescence signal after electron exposure (Fig. 5.2C) corresponding to our estimated
33 s exposure time of the PMT collection area. Moreover, confirming the camera
observations and our previous results (Chapter 3), a partial recovery of fluorescence
is evidenced, which extends over several seconds time scale. Importantly, the PMT
measurements show that this long time-scale recovery is comparatively slow and
that fastest recovery takes place on the smaller time scales shortly after irradiation.
We next focus on characterizing the time scales involved in this recovery.

Before quantifying the temporal evolution of fluorescence recovery, we first correct
for photobleaching, which is evidenced in Fig. 5.2C by the gradual decrease in
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fluorescence intensity prior to electron exposure. First, we manually determine
the time stamp of electron irradiation. We then determine the photobleaching
rate by fitting a single exponential term to the fluorescence signal prior to electron
irradiation. This typically gives a photobleaching lifetime of about 30 s. To correct for
photobleaching, the fluorescence signal is divided by the exponential decay defined
by the photobleaching lifetime. We then extract the recovery part of the corrected
fluorescence trace for further analysis. For this, we normalize the amplitude of
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Figure 5.2: (A) We continuously excite and monitor the fluorescence (I) before, (II) during and (III) after
electron irradiation. We expose the sample to electrons by scanning 3 spaced lines of 10 um length with
a 3.2 nA electron beam and 200 ns dwell time for a near-instantaneous decrease in fluorescence. (B)
Camera images acquired with 10 ms exposure time (I) before, (II) immediately after and (III) 4.1 s after
electron irradiation show a recovery in fluorescence signal. A small region (dashed circle) is detected by
the PMT. (C) The fluorescence intensity given by the PMT current as a function of time. The detected
fluorescence shows a slow decrease caused by photobleaching, followed by a rapid decrease in intensity
caused by electron exposure (dashed orange). After the exposure, the fluorescence recovers partially
with a seemingly fast and slow component. The data was smoothed using a 3rd order Savitzky-Golay
filter of windows size 0.5 ms.
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Figure 5.3: We plot the fluorescence recovery after electron irradiation as a decay on a log-lin scale and
determine timeconstants for multiple exponential decay functions and power laws for (A) 1000 eV and
(B) 2 eV landing energy. For 1000 eV, we observe both a fast and slow component in the fluorescence
recovery. We confirm this by fitting two independent exponentials, which fit closely to the data even for
the first 100 ms (inset). For 1000 eV we find lifetimes of 78 ms and 1069 ms. At 2 eV, the slow component
disappears, yet we still find that the data shows at least 2 exponentials. Here we find lifetimes of 53 ms
(1034
10—3+4cq)
1ms delay was based on the averaging window and used to normalize the data. Data is smoothed using
a Savitzky-Golay filter.

and 350 ms. Power law fitting of the form was attempted, but does not describe the data. A

the fluorescence recovery from 0 to 1. After these corrections, the resulting values
now no longer show photobleaching and have comparable amplitudes between
different measurements. Fitted time constants in the fluorescence recovery can then
be quantified such that they can be compared between different measurements.

We observe a double exponential fluorescence recovery after the 1 keV irradiation.
(Fig. 5.3A). For the slow recovery component, we find a characteristic time constant
T = 1.069 s. This component is thus responsible for the long timescale behavior
observed in our previous work. Next to this, we see that the faster recovery is
also characterized by an exponential increase, here with a lifetime of 77 = 78 ms.
Furthermore, a slight deviation in the first 100 ms can be observed and suggests even
faster dynamics are at play. We decided however to not fit a third exponential term
since there are too few data points to reliably extract a potential shorter timescale
lifetime. In our prior work on PDI, we found the slow recovery to disappear when
changing the electron landing energy to the few-eV domain where the number of
possible electron-induced reaction pathways becomes limited. Therefore, we next
characterize the fluorescence recovery dynamics for landing energies down to a few
eV.
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5.3.2. Fluorescence recovery at few eV electron landing energy

When the electron landing energy approaches values of only a few eV, the number
of possible electron-induced reaction pathways gradually becomes less [42, 44].
Specifically, around 2 eV, only electron attachment remains available as the primary
electron-molecule interaction step (Chapter 3). Therefore it is likely to expect a
gradual shift in the fluorescence recovery lifetime(s) when reducing the landing
energy from 1000 eV to 2 eV. Thus, we lowered the electron landing energy to
2 eV and repeated the experiment to acquire the time-dependent fluorescence
recovery. The fluorescence recovery signal after 2 eV exposure (Fig. 5.3B), reveals
that the timescales of the recovery shifted and that the lifetime of the slow recovery
component is reduced. However, despite the reduced number of pathways, we still
observe that the data do not follow pure single exponential behaviour. When fitting
a double exponential recovery we find time constants of 53 ms and 346 ms.

We next quantified the fluorescence recovery rate for intermediate electron landing
energies of 50 eV, 20 eV, and 10 eV. Figure 5.4 shows the time constants resulting
from double exponential fitting of the recovery for all five landing energies. For the
fast exponential term (Fig. 5.4A), we find that the time constants range between 10
ms and 125 ms, except for the measurements performed at 1000 eV. Here we find
that the time constants are all higher with values ranging from approximately 75
ms to 175 ms. For the slow term in the fluorescence recovery rate, we observe an
overall increase in the rate between 1000 eV and 2 eV, but a large range of values for
50 eV to 10 eV. This could be caused by incorrect correction for the photobleaching,
leading to an effectively slower fluorescence recovery rate when fitting. This effect
can occur at any electron landing energy, but will be more pronounced for 50 eV to
10 eV due to the lower decrease in fluorescence after electron irradiation (Chapter
3). Slight errors in the photobleaching correction are then still relatively large
with respect to the decrease in fluorescence resulting in longer extracted recovery
lifetimes than those that actually occur. Nevertheless, between 1000 eV and 2 eV we
find that the fluorescence recovery rate clearly has increased for the slower term.
This transition in recovery rate could mark an overall change in the fluorescence
and charge dynamics in the sample.

5.4. Discussion

Our results have indicated a double exponential process in the recovery of flu-
orescence on the 1 - 10> ms time scale after electron-induced darkening. Slight
deviations in the double exponential fit for times close to 1 ms after exposure may
hint at even faster dynamics taking place at even shorter time scales. The double
exponential behavior indicates multiple processes contributing to the physics of
fluorescence recovery. In fluorescence microscopy, multiple lifetimes in the recovery
from (photon-induced) dark states have been observed and attributed to diverse
processes including long lived non-fluorescent triplet states and dark anionic states
[29,108-111, 113, 114, 116]. A few observations need to be made with respect to the
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Figure 5.4: Lifetimes of the fluorescence recovery for different electron landing energies found by fitting
two independent exponentials. (A) The lifetime of the fast component varies across the electron landing
energies, but is generally found to be higher for an electron landing energy of 1000 eV. (B) The lifetime of
the slow component decreases between 1000 eV and 2 eV. For 50 eV, 20 and 10 eV we find a large range
in the lifetimes. Yet for 2 eV we observe the lifetime to decrease to hundreds of milliseconds.

comparison between our experiments and dark state recovery or blinking dynamics
in regular fluorescence microscopy. First, our observations relate to the behavior ob-
served directly after electron exposure, while photon-induced dark states contribute
throughout the entire fluorescence time trace. In our previous experiments, we also
demonstrated that exposure-induced electron attachment, and thus formation of
dark anions followed by charge dissipation, forms a major contributor to the ob-
served darkening and recovery (Chapter 3). Second, in fluorescence microscopy, the
molecule is resonantly excited by photons matching the energy gap between specific
molecular levels. In our experiment, the incoming electron typically carries much
more energy leading to a wider range of potential physical processes taking place in
the sample that could affect the fluorescence molecule. Third, in photon-induced
dark state population, the fluorescent molecule is directly excited and dark state
dynamics relies on internal excited state dynamics and/or interactions of the excited
molecule with its local environment. In our experiments, the darkening can occur
either via direct interaction of the fluorescent molecule with the incoming electron or
indirectly via migrating electron-scattering products generated in the wider sample
environment. Finally, we quickly inject charge into the sample or create a cloud of
separated charge carriers in the sample due to scattering of incoming high energy
electrons, thus creating a temporary out-of-equilibrium situation in the sample that
will relax after the electron exposure. Thus, the occurrence of two, or including
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smaller timescales potentially even more, processes contributing to the observed
recovery, is plausible.

We note that in fluorescence blinking and, e.g., also in the analysis of phosphores-
cence lifetimes, multi-time scale behavior described by power-law dynamics has
also been observed. This is typically attributed to the existence of multiple relax-
ation pathways occurring on broadly distributed timescales or with time-varying
lifetimes that can fluctuate over many orders of magnitude [92, 115, 117]. However,
we do not find a clear indication for power law dynamics in our data (Fig. 3) and
the inclusion of even smaller time scales would be needed to have a sufficiently
broad temporal range to probe potential power-law dynamics. We also do note
that temporal averaging, i.e., the observation of multiple exponents because of a
time-varying single-exponential process as may occur in long-lasting fluorescence
or phosphorence experiments, does not occur in our experiments. On the other
hand, spatial averaging, i.e. multi-time scale behavior arising from sampling many
molecules which each have a distinct recovery lifetime, does take place in our
situation.

For an electron landing close to 0 eV, the situation may be less complex compared
to the higher electron energies as in this case only electron attachment and non-
damaging excitation of the PDI by inelastic scattering are believed to remain avail-
able pathways [42, 44]. Yet even in this regime, multiple relaxation/dissociation
paths could be available. Increasing the electron landing energy can lead to addi-
tional types of electron-molecule interactions resulting in more complex dynamics.
So, the two lifetimes observed for 2 eV electron landing energy could relate to elec-
tron detachment of the dark anions formed by electron attachment and de-excitation
of a transient dark state formed after inelastic scattering. De-excitation of electronic
excitations induced by the incoming electron typically occur in the order of 1016
s, unobservable in our experiments [42, 44]. Excitation to a dark triplet state could
occur, and while triplet lifetimes are typically reported in the microsecond regime
[107, 108, 111, 112] the absence of oxygen in vacuum could lead to prolonged triplet
lifetimes extending to ms time scale [118]. We expect that electron excitations should
not change the odds for a forbidden spin transition since these are regulated by
molecular oxygen and/or spin-orbit coupling. Both of those factors remain un-
changed with electron excitations. Hence, we believe that excitation of the molecule
by inelastic scattering is not the cause for the observed effects. Rather, the electron
detachment process for dark anions could in itself already give rise to multi-time
scale behavior through its interaction with the sample environment.

Anion electron detachment could first of all occur via the sample substrate, i.e.
charge transfer at the PDI-Al,O3 interface, or at the PDI-vacuum interface (Fig.
5.5A). Depending on the PDI sample thickness, two quite distinct exponentials
could be observed each indicative of charge dissipation at either side. Charge
transport along the PDI-Al,O3 interface would most likely occur through trap
states in the Al,O3 since the band gap of amorphous Al,Os3 is expected to be about
6.2 eV [119]. Transfer to these trap states could take a very long time and thus



78 5. Lifetimes of electron-induced fluorescence dynamics

PDI PDI

AIZO3 A|203

Figure 5.5: here are multiple explanations for the 2 independent exponential terms for the fluorescence
recovery at landing energies of 0 eV. (A) Dark PDI anions can neutralize by transferring electrons
to adsorbates at the PDI-vacuum interface with lifetime tau; and electron transfer at the PDI-Al,O3
interface resulting in two different fluorescence lifetime in the recovery. (B) Dark PDI anions and dianions
neutralize by electron transfer at the Al,Oz-interface with different lifetimes 7; and 7. The PDI dianions
absorb the fluorescence of the surrounding neutral PDI molecules. These quenched molecules recover
once the dianion transfers a single electron. Furthermore, due to the quenching, the dianion gets excited
by the neutral molecules increasing the rate of electron transfer of the dianion.

be responsible for the dynamics extending over tens of seconds [120]. Meanwhile,
electron transfer between the PDI vacuum interface could be mediated by absorbants
or trace water in the SEM vacuum chamber. We note that both transfer rates could be
enhanced due to the continuous optical excitation [121]. Thus, the electron transfer
mechanisms from PDI anions to the environment could give rise to the observed
multi-exponential dynamics.

An alternative mechanism that could give rise to two lifetimes could be electron
detachment of the anion and dianion (Fig. 5.5B). Both states are dark but the
dianionic state of PDI overlaps with the emission spectrum of the neutral PDI
species [89]. This means that (i) the dianion can quench the fluorescence of nearby
neutral species and (ii) the dianion is then effectively excited resulting in a faster
electron detachment. The dianion to anion transition is a transition between dark
states but as the dianion quenches part of its environment neutral PDI molecules
may reappear bright resulting in a partial recovery of the ensemble fluorescence
intensity. Because of the dianion excitation this process may occur faster than the
neutralization of the anion, giving rise to the two distinct lifetimes. Comparative
experiments at lower PDI concentrations to prevent neutral dye-dianion energy
transfer could investigate this scenario but would require a more sensitive photon
detector. Alternatively, experiments with another fluorescent molecule without
dianion absorption could also be investigated. This could then lead to a single
exponential behaviour if this is the mechanism at work.

With increasing electron landing energy, more electron-molecule interaction path-
ways and hence more potential excitation or intermediate species become available,
more inelastic scattering events will occur, and the penetration depth of the electron
beam will increase. This will increase the complexity of the fluorescence recovery
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dynamics in the sample. Nevertheless, we find that with increasing beam energy
one of the time constants stays roughly around 100 ms. Thus, this process in the
recovery dynamics seems unaffected across the different electron landing energies.
This could be an electron detachment pathway for the dark transient anions as
discussed above. For the seconds time scale process our data seems to indicate
a marked difference between the 2 eV results and the 10 eV and higher landing
energies. While for 2 eV the second lifetime is consistently around 350 ms, for the
higher energies lifetimes in the order of seconds appear. This could be indicative of
higher energy scattering mechanisms, of which some can lead to the formation of
cationic species in addition to the (di)anions formed at 2 eV. This PDI cation could
exhibit a longer relaxation time. Alternatively, the increasing penetration depth of
the incoming electron beam could lead to occupation of trap states in the Al,O3
layer or different charge distributions within the perylene layer, which could limit
electron transfer from PDI anions to Al,Os.

One of our main interests in temporarily darkening the fluorescence by electron-
beam exposure is in the development of electron-beam induced superresolution
fluorescence localization techniques. The long time-scale recovery dynamics is
beneficial for localization as ideally only one molecule recovers with a diffraction-
limited sample area within a camera observation time. The occurrence of multi-
exponential dynamics and the indication that an even faster component than what
could be measured here, is present, thus forms a limitation. At electron landing
energies above 2 eV the dark state lifetime increases, but this is accompanied by
bleaching of the molecules (Chapter 3). Most of the emitters would then be lost
before they can be localized. The multiple lifetimes observed at 2 eV suggest that
multiple reaction relaxation pathways remain. This could be troublesome, as you
would ideally have control over these induced dark states and multiple processes
are more difficult to control. On the other hand, the fast setup and laser illumination
will also allow for faster detection of switching emitters.

The multi-exponential fluorescence recovery uncovered here is indicative of com-
plex sample and electron-molecule dynamics that should be investigated in more
detail. Further examination of the recovery after close to 0 eV electron irradiation
is best targeted first. Our work suggests three different ways to obtain a further
understanding: (i) improve the setup for detecting even faster fluorescence dy-
namics, (ii) explore sample preparation parameters like fluorophore concentration
and different substrates, and (iii) detect absorption spectra during the dynamics.
For detecting faster dynamics with better SNR, we propose to use an avalanche
photodiode instead of a PMT. In addition to this, a fast beam blanker could be used
to perform electron irradiation in less than a nanosecond to further study molecular
dynamics [52]. More sensitive detection will allow reducing the concentration of
PDI to a monolayer, preventing the neutral dye quenching by dianions. Moreover, if
there are different transfer mechanisms along the vacuum or Al,Oj3 interfaces, such
a reduction in concentration would favor the faster process of these two. Thus, the
fluorescence recovery would then reduce to a single exponential. The lifetime of this
recovery could then be manipulated by either changing the laser power, such that
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the conductivity of the Al,O3 would be altered or by repeating the experiments on
substrates with different conductivity. Alternatively, one could attempt to measure
the sample current as a function of time. However, these currents are extremely
small and must be measured on millisecond timescales while a kilovolts stage bias
is applied, which is extremely challenging. Another parameter that could affect the
fluorescence recovery rate would be to excite the anionic PDI species. This could
drastically alter the recovery rate, but not for dianions and cations and could thus
also be used to investigate the role of cation formation at higher energy irradiation.
Manipulation of generated excited states could further be explored with alternative
dyes with specific characteristics such as the Rhodamine dye with near-UV excitable
anion we used previously. All in all, the wide range of fluorescence techniques,
tools, and dyes with specific characteristics that have been developed over the past
decades for fluorescence microscopy, offers many possibilities for further investi-
gating and manipulating electron-molecule interaction along the lines of these first
experiments.

5.5. Conclusion

In conclusion, we have used a modified version of our retarding field integrated
light and electron microscope to perform measurements on fluorescence recovery
dynamics after low-energy electron irradiation induced darkening. We performed
experiments at different landing energies and found that for all examined electron
landing energies in the range of 2-1000 eV the fluorescence recovery follows multi-
exponential dynamics with components in the 10-100 ms range and around 1 s.
Interestingly, the latter process seems to occur faster at 2 eV landing energy com-
pared to larger energies. We discussed several scenarios that could be responsible
for these observations and sketched directions for further research.
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6.1. Conclusions

The goal of this thesis was to explore the possibility of manipulating fluorescent
molecules with low-energy electron for superresolution microscopy for integrated
microscopy. To realize this, fluorescent molecules had to be monitored in-situ after
electron irradiation with few eV landing energies. Using a retarding field, combined
with an electron beam monochromator we’ve shown in chapter 2 how to achieve
electron landing energies of only a few eV with an energy spread of 0.8 eV in a
commercially available setup.

Using the integrated setup with retarding field, we exposed several fluorescent
organic molecules to electrons of a few eV while detecting the fluorescence in-
situ using the integrated optical microscope. We found, as presented in chapter 3,
that perylene diimide started to show a remarkable return of fluorescence in time
after initially switching of caused by electron irradiation. We found that electron-
attachment was the main contributor for the reversible dynamics as the fraction of
turned off molecules that recovered reached near-unity when the landing energies
where close to 0 eV. Using electron attachment, we then demonstrated instantaneous
reversible switching of electron-induced dark states on rhodamine B isothiocyanate
and on-switching of Alexa Fluor 594. Inducing these temporary states using electron-
attachment has key benefits compared to most other electron-induced processes.
First, electron attachment is a resonant proces. This means that only at specific
electron landing energies we have a large cross-section to induce the desired process.
Furthermore, since electron attachment typically occurs at only a few eV, most
other dissociation processes are excluded. Thus, the odds of inducing undesired
effects should be low. Based on these finding, electron-attachment could be a
viable method for stochastically inducing specific dark states in organic fluorescent
molecules, which in turn could be used for localization microscopy.

Using the observations found in chapter 3, we studied how low-energy electron
irradiation could be utilized for localization microscopy in the vacuum of an electron
microscope. In chapter 4, we found that to obtain resolutions of tens of nanometers,
fluorescent dyes need to be optimized such that they efficiently switch back and
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forth between dark states after electron irradiation. Since, as of yet, there are not
many alternative methods available that return the same resolution in the vacuum
of an electron microscope [33, 34, 36], the low energy electron-irradiation could
become a viable alternative method if dyes could be optimized further.

To further understand the underlying dynamics, we modified our integrated mi-
croscope setup further to increase the signal and the detection rate of the optical
setup in chapter 5. With this setup we characterized the lifetimes of the fluorescence
recovery in the millisecond regime down to 0 eV. Here we found that even close to
0 eV, the electron induced fluorescence dynamics cannot be described by a single
type of process. This means that inside the sample, complex dynamics occur post
electron irradiation. Studying these dynamics further in different settings can give
new promising insights in understanding electron-molecule interactions.

From the work presented throughout this thesis can conclude that low-energy
electron irradiation could become an alternative method to stochastically induce
fluorescent dark states in vacuum for localization microscopy. However, for the
technique to become viable, further research needs to be performed. Suggestions
for further research will be discussed in detail in the outlook section below.

Our findings are not necessarily limited in their application to superresolution
microscopy for integrated microscopy alone. We have shown in chapter 2 how the
application of a retarding field can be a viable method in correlative microscopy,
as it significantly enhances the electron microscope’s weak signal of tissue sections
optimized for correlative microscopy. This retarding field can also be utilized to
decrease the acquisition time in large scale electron microscopy by a factor of 20
[79]. In-situ detection of fluorescence dynamics after low-energy exposure could
grant new insights in electron-molecule interactions. Typically, electron-molecule
interactions are studied by exposing molecules to electrons of a specific energy
and detecting the generated charged fragments. This means that (i) the underlying
dynamics remain hidden and (ii) neutral fragments cannot be detected. With further
development of the method discussed in chapter 3, we could provide information of
both. This could in turn have an impact for electron microscopy, EUV lithography
and radiation therapy. In conclusion, further research in the subjects presented in
this thesis do not have to be limited to superresolution microscopy alone. As we
have shown, further research can have an impact in other fields as well.

6.2. Outlook

Throughout this thesis we have shown how low-energy electron irradiation of fluo-
rescent molecules can induce dynamics to the fluorescence that can be utilized for
superresolution fluorescence microscopy in integrated correlative light and electron
microscopy (CLEM). Some of the approaches presented need further research, while
others are closer to implementation. Here, based on the findings of this thesis, we
will discuss the next steps that are needed for implementation of electron-beam
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induced superresolution microscopy, and considerations for additional research and
optimization for electron-beam induced superresolution microscopy in CLEM.

The first step, that is close to implementation, is to build an integrated setup suitable
for localization microscopy. The setup discussed in chapter 5 has a powerful laser
source and a sensitive camera, but small additional changes to the laser path to
reduce laser speckle and to obtain a uniform illumination profile need to be made
to achieve an optimal signal-to-noise ratio. Additionally, stage drift and vibrations
need to be carefully characterized and minimized. With such a setup, first steps
towards localization microscopy could be made by performing superresolution
imaging without any electron irradiation using HAWK. With TRITC, being a bright
fluorescent dye that shows blinking in vacuum and being a dye used for biologi-
cal labelling [100], HAWK could be used to improve the resolution of the optical
microscope to roughly 100 nm. A sample suitable to demonstrate this could be
zebrafish insulin granules labelled with TRITC and can be compared to the sim-
ulations performed in chapter 4. By performing this experiment, we would have
a first verification of an integrated microscope setup suitable for superresolution
microscopy in our lab. To achieve higher resolution, more understanding is needed
of the interaction between electrons and organic fluorescent dyes and fluorescent
probes for superresolution imaging need to be developed.

6.2.1. Understanding electron-molecule interactions of fluorescent
dyes

While we have inspected the changes in the electron-induced fluorescence dynamics
of multiple fluorescent dyes, most of the chemical information such as the final
reaction products remain hidden. Ideally, we would like to know what the final
reaction products are for each electron energy so that we can narrow down the
chemical reactions that occur post-electron irradiation. This in turn, could provide
information about the chemical groups and reactions that are relevant to the ob-
served dynamics such that fluorescent dyes could be further optimized. By studying
the different dyes discussed in chapter 3 using a crossed molecular beam apparatus,
or an electron stimulated desorption setup [42], chemical data complementary to
the reported fluorescence dynamics can be acquired. This could provide insights
into the final bleached or brighter reaction products formed for Rhodamine B ITC
(RITC) or Alexa Fluor 594 (AF594), respectively. With this information, fluorescent
dyes could be synthesized with a reduced cross-section of the bleached product for
RITC or an increased cross-section of the brighter product for AF594.

By studying the fluorescence dynamics after electron irradiation in more detail, we
may identify the relevant physical processes occurring at these timescales. Iden-
tifying these is important for performing localization microscopy (LM), since the
duration of the dark or bright states will define the feasibility of different LM tech-
niques. If we identify the lifetimes of the fluorescence dynamics after electron
irradiation, as done in chapter 5, different processes could be distinguished. For
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detailed suggestions on how to further identify these processes with experiments
we refer to the discussion of chapter 5 in this thesis. Once the relevant physical
processes are identified we could think of ways to manipulate these such that they
occur at the optimal timescales for LM.

6.2.2. Developing efficient electron-switchable fluorescent probes

In chapter 4 we found that for electron-induced superresolution, the electron in-
duced switching efficiency of different probes needs to be improved. Switching dark
molecules with (low energy) electron irradiation would be the strongly preferred
method of choice for this. However, as of yet, we have not found an optimal dye
where 100% starts off in a dark state and then switches on after electron irradia-
tion. Therefore, an important direction of research is the development of efficient
electron-switchable fluorescent dyes.

Quenching dye pairs are ideal candidates for efficient electron-switchable fluores-
cent probes. If the quenching molecule of the pair is more susceptible to being
chemically altered after electron irradiation, we can expect the quenched molecule
to light up after electron exposure. For this, processes already studied in detail in
fluorescence spectroscopy like Forster resonance energy transfer (FRET) or photoin-
duced electron transfer (PET) could be used. For chemically changing the molecule,
different electron-molecule dynamics could be utilized. We propose to use electron
attachment of the quencher-molecule to a transient charged dark state to stop the
quenching process. Since electron attachment is a resonant process it can be con-
trolled using the electron landing energy. The negatively charged quencher product
could then either neutralize through the environment or dissociate to switch on the
molecule temporarily or permanently, respectively. This means that the quencher
molecule should have a higher electron affinity than the quenched molecule, to
ensure that the quencher becomes negatively charged. Another important require-
ment is that both molecules should preserve their fluorescence throughout the EM
sample preparation. Alternatively, you could use anti-body labeling. In that case,
you’d need water solubility or at least the opportunity to bind to an antibody or
another ‘linker” molecule of which the construct is water soluble.

By in-situ monitoring the change in fluorescence intensity after electron irradiation
of different dye combinations we could screen for suitable quenching dye pair
candidates. Solutions of two dyes, dissolved in 1:1 ratio, where one should quench
the other could be deposited at both high and low concentrations. Since both PET
and FRET only occur when the dye combinations are in a vicinity of less than a
few nanometres of each other, we would only expect the quenching to occur for
samples where high concentrations of the dyes are present. Thus, only for those
samples we would expect the quenched dye to light up after low energy electron
irradiation. Dyes could then be screened based on relative increase in fluorescence
and the reversibility of the on-switching process. To further confirm that quenching
is the main cause, the emission spectra before and after electron irradiation should
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be measured. If a shift in the peak ratio is observed, where the spectrum of the
quenched dye increases and the quenching dye decreases, a halting of the quenching
process would be confirmed. Such an experimental approach would be easy to
implement in our current setup. Another benefit is that simple solutions would
suffice for such a screen, obviating the need for more complicated synthesis of dye
pairs for the screening process. In the end, fluorescent molecular pairs could then
be developed that would switch on after electron irradiation with high efficiency.

6.2.3. Electron-induced superresolution microscopy on biological
specimen

When trying to perform electron-induced superresolution techniques on biological
specimen, the specimen itself could impose several issues that should be inves-
tigated beforehand. First and foremost, throughout this thesis, we used Al,O3
as an insulating spacer separating the fluorescent molecules from the grounded
conductive ITO substrate. When trying to perform electron-induced superreso-
lution on biological tissue, which is embedded in plastic, the conductivity of the
sample and distribution of trap states could drastically change the lifetime of tran-
sient electron-induced states. This in turn, could affect the pathways fluorescent
molecules undergo after electron irradiation. Thus, experiments performed on
AlyOs for dyes such as RITC or AF594 should be repeated on bare tissue sections to
see how the processes change due to the change in conductivity. In addition to this,
water molecules that remain after sample preparation of biological specimen could
also act as an electron acceptor in the specimen. This might give rise to different
induced dynamics, and even chemical processes occurring inside the sample that
could further complicate the electron-induced chemistry of fluorescent molecules.

Another issue that might arise is charging of the specimen, causing the electron
landing energy to change throughout the experiments. For typical experiments,
this charging of the specimen is small compared to the electron landing energies
of several keV used in EM imaging of tissues and is therefore negligible. However,
at our landing energies close to 0 eV this might drastically change, as charging of
only a few volts could have a significant effect on the electron landing energies.
We performed some preliminary experiments to detect charging of the specimen at
very low electron landing energies using the reflection-based technique discussed
in chapter 2. By quickly sweeping the retarding field around the point of reflection,
and simultaneously detecting the in-column detector signal for a focused spot,
we attempted to detect a shift in the point of reflection for different dose on glass
substrates [122, 123]. Our preliminary experiments where however troubled by
electrical interference and deflection of the beam away from the in-column detector
due to non-uniform charging of the specimen. We note however that on glass
substrates a large amount of charging will occur in very short timescales. Therefore,
it would still be worthwhile to repeat these experiments on bare tissue sections.
If this approach works, and the point of reflection can be accurately determined,
charging calibration curves need to be acquired for the charging tissue sections, like
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Thete et al. [124]. Then for experiments on tissue sections, the retarding field needs
to be dynamically altered to keep the electron landing energy stable.

Finally, we note that at electron landing energies in the range of keVs, tissue sections
start to fluoresce due to electron irradiation [41]. This electron-induced fluorescence
of the tissue will result in an increasing fluorescence background signal that will
worsen the resolution of the localization of emitters. This effect could be signifi-
cantly less at few eV electron landing energy, since fewer reaction pathways that
could cause this fluorescence become available. Therefore, the electron-induced
fluorescence of tissue should be investigated at low electron energy as well. In case
fluorescence is still induced, even close to 0 eV, dose limitations that could ultimately
limit the resolution of the superresolution techniques discussed in chapter 4 have to
be considered.

6.2.4. In-situ tracking of chemical changes

So far, we have irradiated fluorescent molecules and tracked their direct response to
the electron irradiation. This gave insights in reversible dynamics as discussed in
chapter 3, but also in charge migration far beyond the scales of electron scattering
models. [40] However, an application of fluorescent probes on the long term would
be to track electron-induced chemical changes in different samples cause by high-
energy electron irradiation. With different dyes lighting up based on the type of
electron-molecule interaction, information can be obtained about the spatial energy
distribution of scattered electron inside the sample. Information would even be
provided by electrons at energies close to 0 eV, where currently most electron-
scattering models have a difficult time to predict the scattering. Thus, similar to
how fluorescent molecules have been used in biology to detect local biomolecular
information, fluorescent probes could potentially be used to detect specific ‘electro-
molecular” information.

Electron-induced chemical changes could also be tracked by distinguishing between
different electron-induced fluorescence dynamics in time. Similar to the experimen-
tal approach presented in chapter 5, temporal dynamics could be distinguished at
faster timescales. Using a fast electron beam blanker [52], in combination with an
avalanche photodiode, processes can be detected at even faster timescales up to
the nanosecond regime. At these timescales, it would be possible to distinguish
between different (dissociative) electron attachment events [42, 44]. Furthermore,
with a dye where the neutral and anionic species would be detectable in different
fluorescence channels, we could be able distinguish between neutral dissociative
and dissociative electron attachment events in time. Neutral dissociation would
lead to a permanent loss of fluorescence in both channels, while dissociative electron
attachment would lead to a permanent decrease in one and temporary increase in an-
other channel until dissociation occurs. With this approach, a further understanding
of electron-molecule interactions occurring inside a sample could be achieved.
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Allin all, first steps in a new field of correlative fluorescence-electron spectroscopy
have been made. This experimental approach could lead to breakthroughs in
different technological applications, such as superresolution microscopy in inte-
grated CLEM systems. Nevertheless, many more challenges await before an optical
resolution of tens of nanometres can be realized in an integrated microscope. A
considerable amount of research can be conducted in this direction, but other appli-
cations such as understanding electron-molecule interactions in biological specimen
await as well as sketched above giving many avenues for future follow-up research.
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