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PROPOSITIONS

accompanying the dissertation

CRYOGENIC, COINCIDENT FLUORESCENCE, ELECTRON, AND
ION BEAM MICROSCOPY

by

DAAN BENJAMIN BOLTJE

1. Fluorescence targets embedded in the interior of cells can be preserved inside a sub-diffraction
limit sized lamella, through real-time measurements of fluorescence using a wide-field fluores-
cence microscope integrated in coincidence with a focused ion beam system. This proposition
pertains to this dissertation (chapter 2).

2. Refractive index mismatch induced axial scaling is depth dependent and needs to be cor-
rected for effective high resolution imaging and localization. This proposition pertains to this
dissertation (chapter 3).

3. Live feedback on the thickness and uniformity of prepared lamellae reduces workflow com-
plexity, and increases the lamella yield. This proposition pertains to this dissertation (chapter
4).

4. The Joule-Thompson cooling cycle can also be utilized to manufacture a very sensitive detector
of water impurities in gas.

5. Inexperimental science, the key to overcoming challenges often lies not in reducing complexity,
but to strategically allow it in e.g. the experimental design or procedure.

6. Synergy in an industrial doctoral track is only possible if all parties involved show equal amount
of interest.

7. After the conception of new technology collaborating with early adopters is as important as
developing said technology.

8. A protocolized healthcare system undermines patient care.

9. Procrastination makes life worthy of living.
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These propositions are regarded as opposable and defendable, and have been approved as such by
the promotors prof. dr. ir. ].P. Hoogenboom and dr. A.J. Jakobi.
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STELLINGEN

behorende bij het proefschrift

CRYOGENIC, COINCIDENT FLUORESCENCE, ELECTRON, ANDION
BEAM MICROSCOPY

door

DAAN BENJAMIN BOLTJE

1. Fluorescerende kleurstoffen ingebed in cellen kunnen behouden blijven in een gesneden
sectie dunner dan de diffractielimiet, door middel van real-time metingen van fluorescentie
met een fluorescentiemicroscoop, geintegreerd in een gefocusseerd ionenbundelsysteem.
Deze stelling heeft betrekking op dit proefschrift (hoofdstuk 2).

2. Axiale schalingseffecten geinduceerd door een verschil in brekingsindex zijn diepte afhankelijk
en moeten gecorrigeerd worden voor hoge-resolutie beeldvorming en lokalisatie. Deze stelling
heeft betrekking op dit proefschrift (hoofdstuk 3).

3. Directe terugkoppeling op de dikte en uniformiteit van geprepareerde secties vermindert de
complexiteit van de workflow en verhoogt de opbrengst. Deze stelling heeft betrekking op dit
proefschrift (hoofdstuk 4).

4. De Joule-Thomson koelcyclus kan ook gebruikt worden om een zeer gevoelige detector voor
water onzuiverheden in een gas te vervaardigen.

5. In de experimentele wetenschap ligt de sleutel tot het overwinnen van uitdagingen vaak niet
in het verminderen van complexiteit, maar in het strategisch toestaan ervan, bijvoorbeeld in
het ontwerp of de procedure van het experiment.

6. Synergie in een industrieel promotietraject is alleen mogelijk als alle betrokken partijen
evenveel interesse tonen.

7. Na de ontwikkeling van nieuwe technologie is samenwerken met vroege gebruikers net zo
belangrijk als het ontwikkelen van die technologie.

8. Geprotocolleerde gezondheidszorg ondermijnt de zorg voor patiénten.

9. Procrastineren maakt het leven levenswaardig.
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Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig goedgekeurd
door de promotors prof. dr. ir. ].P. Hoogenboom en dr. A.J. Jakobi.
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ABSTRACT

Cryogenic electron tomography (cryo-ET) is a powerful technique to investigate bio-
logical structures at molecular resolution, which is essential to understand complex
processes that occur within cells. Among imaging techniques, cryo-ET stands out as it
can reveal intricate structural details without the need for external labels or markers.
However, its utility is often limited by the difficulties in preparing high-quality bio-
logical samples. A major challenge is the production of ultra-thin, frozen-hydrated
sections, or lamellae, ideally between 100 and 200 nm thick, which must remain
below the inelastic mean-free path of electrons in vitreous ice. Achieving such thin,
artifact-free sections is crucial for high resolution imaging.

The primary method for producing lamellae is through cryogenic focused ion
beam (cryo-FIB), where the ion beam is used to fabricate the lamella, carefully re-
moving cellular material to expose a cross-section of the cell for imaging with
transmission electron microscope (TEM). This process is delicate and requires nu-
merous steps to be performed with precision. Despite several improvements in
cryo-FIB workflows, the accurate targeting of specific regions of interest for milling,
particularly in complex biological specimens, remains a major hurdle.

In recent years, various improvements and refinements have been made to the
cryo-FIB milling workflow, enhancing throughput, reliability, sample yield, and quality.
Different approaches to fluorescence imaging have been incorperated into the
cryo-FIB workflow to aid in selecting target cells and identifying regions of interest
for milling. The aim of this dissertation is to further develop in-situ fluorescence
microscopy for the cryo-FIB milling workflow through integration, and coincidence
imaging, thus gaining additional insights while milling, and exploring new prospects
and applications in structural biology.

Chapter 2 describes the experimental setup that was designed and built to prepare
frozen-hydrated lamellae using in-situ fluorescence microscopy to guide the milling.
By integrating a small cryogenic cooler, a custom positioning stage, and an inverted
widefield fluorescence microscope into an existing focused ion beam scanning
electron microscope, a three-beam cryogenic correlative microscope is created. As a
result, fluorescence microscopy can guide targeting at each milling step, which is
confirmed by transmission electron microscope tomogram reconstructions. Being
able to observe the sample during and after milling improves the success rate and
efficiency of producing lamellae for high-resolution imaging.

While integrating fluorescence microscopy (FM) into the cryo-FIB setup helps guide
the process by identifying specific cells or subcellular regions, the refractive index
mismatches between different materials during fluorescence microscopy lead to
registration errors and distortions, making it difficult to precisely localize the target
which can result in sub optimal milling and poor sample quality. To address this,

ix



CONTENTS

we develop a depth-dependent, non-linear scaling theory in Chapter 3, generally
applicable in the field of optical microscopy. This analytical theory allows the calcu-
lation of a depth-dependent re-scaling factor based on the numerical aperture, the
refractive indices, and the wavelength. It is validated through wave-optics calcula-
tions and experimental data obtained using a measurement scheme for different
numerical apertures and refractive index mismatch values. The depth-dependent
axial scaling theory is used to correct high resolution 3D data, acquired under vari-
ous refractive index mismatch conditions. This shows the importance of correcting
axial distortions during fluorescence microscopy, which arise from refractive index
mismatches when imaging into frozen-hydrated samples, and correcting these is
crucial for accurate targeting, ensuring that regions of interest are precisely selected
for milling.

Another critical challenge is obtaining reliable, real-time feedback on lamella thick-
ness, uniformity, and quality during the milling process. Typically, scanning electron
microscopes (SEMs) are used to assess lamella thickness, but this approach assumes
the lamella consists of homogeneous material, which is often not the case for cellular
samples. Moreover, many current methods require pre-calibration before each imag-
ing session, adding to the complexity and limiting throughput. Chapter 4 presents a
set of solutions to these challenges by introducing three complementary methods
for determining lamella thickness during focused ion beam (FIB) milling: (i) the
application of quantitative 4D-scanning transmission electron microscopy (q4STEM)
to frozen-hydrated lamellae, benchmarked against energy filtered transmision elec-
tron microscopy (EFTEM); (ii) the estimation of lamella thickness using reflected
light microcopy (RLM), which accounts for the milling geometry; and (iii) exploiting
thin-film interference to create real-time, per-pixel thickness maps. Together, these
techniques provide immediate feedback on the thickness, lateral uniformity, and
condition of the protective Pt layer during the milling process. Integrating these inno-
vations into the cryo-FIB workflow not only improves the precision and reliability of
lamella preparation but also enhances the reproducibility and yield of high-quality
lamellae. By providing real-time feedback on key parameters such as thickness,
uniformity, and Pt layer integrity, our approach reduces the complexity of the pro-
cess and makes it more accessible for routine use in high-resolution cryo-electron
microscopy studies. The ability to target regions of interest based on fluorescence,
combined with thickness and quality control, enables more efficient, automated
workflows for cryo-ET sample preparation.

The work presented shows a comprehensive set of tools and techniques for im-
proving the workflow of cryo-FIB lamella fabrication. By addressing critical challenges
in thickness measurement, fluorescence-based targeting, and axial distortion cor-
rection, this work paves the way for more automated, high-throughput, and reliable
processes in cryo-electron microscopy (EM) sample preparation. In Chapter 5 we
review the prospects and implementation in structural biology and showcase two
examples of using direct targeting from fluorescence imaging, as part of ongoing
investigations in collaboration with the groups of Arjen Jakobi and Dimphna Meijer



at the Kavli Institute of Nanoscience in Delft, concluding with an overview of further
developments and possible improvements.

SAMENVATTING

Cryogene elektronen tomografie is een krachtige techniek om biologische structuren
op moleculaire resolutie te onderzoeken, en is essentieel voor het begrijpen van
complexe processen die binnenin cellen plaatsvinden. Deze vorm van tomografie
onderscheidt zich van andere technieken doordat het mogelijk is om complexe
structurele details waar te nemen, zonder de noodzaak van externe labels of markers.
Het toepassen ervan wordt echter vaak beperkt door de uitdagingen in de voor-
bereiding van de biologische preparaten. Een belangrijkste stap is het maken van
ultradunne, bevroren en gehydrateerde plakjes cel, ookwel lamellen genoemd, die
idealiter een dikte hebben tussen 100 en 200 nm en daarmee onder de inelastische
vrije weglengte van elektronen in ijs blijven. Het verkrijgen van dunne, artefactvrije
plakjes is cruciaal voor de hoge resolutie beeldvorming.

Het maken van deze lamellen wordt gedaan met behulp van een gefocusseerde
ionenbundel, waarmee er zorgvuldig cellulair materiaal verwijderd kan worden om
zo een dwarsdoorsnede van de cel bloot te leggen, om deze vervolgens te kunnen be-
kijken in een transmissie elektronen microscoop. Het wegsnijden moet stapsgewijs
en uiterst nauwkeurig gedaan worden. Ondanks verschillende verbeteringen van dit
proces blijft het nauwkeurig uitsnijden van specifieke interessegebieden, met name
in complexe biologische monsters, een grote uitdaging.

In de afgelopen jaren zijn diverse verbeteringen en verfijningen doorgevoerd in
deze snij-workflows, waardoor doorvoersnelheid, betrouwbaarheid, opbrengst en
kwaliteit zijn toegenomen. Hetgebruik van fluorescentie microscopie in de prepara-
tie workflow heeft het selecteren en identificeren van interessegebieden makkelijker
gemaakt. Het doel van dit proefschrift is om dit verder te ontwikkelen, door de
fluorescentie microscoop te integreren in de opstelling met de gefocusseerde io-
nenbundel. Hierdoor is het mogelijk om gelijktijdig met het snijden te zien wat er
gebeurd en kunnen er daarmee nieuwe inzichten verkregen worden in het snijproces
en kunnen nieuwe toepassingen in de structurele biologie worden verkend.

Hoofdstuk 2 beschrijft de experimentele opstelling die is ontworpen en gebouwd
om de bevroren lamellen te kunnen fabriceren met behulp van in-situ fluorescen-
tiemicroscopie tijdens het snijden. Door een compacte cryogene koeler, een op
maat gemaakte positionerings stage en een fluorescentiemicroscoop te integreren in
een bestaande scanning elektronenmicroscoop uitgevoerd met een gefocusseerde
ionenbundel, ontstaat er een drievoudige cryogene correlatieve microscoop die ge-
bruik maakt van licht, elektronen en ionen. Hierdoor kan fluorescentiemicroscopie
het bepalen van interessegebieden bij elke snijstap begeleiden, wat wordt bevestigd
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door tomogram reconstructies uit de transmissie elektronenmicroscoop. Het vermo-
gen om het monster tijdens en na het snijden te bekijken, vergroot de opbrengst en
de efficiéntie van de lamel productie geschikt voor hoge resolutie beeldvorming.

Hoewel de integratie van fluorescentiemicroscopie in de opstelling helpt bij het
sturen van het snijproces van specifieke cellen of subcellulaire regio’s, leiden bre-
kingsindex verschillen in fluorescentiemicroscopie tot registratiefouten en vervor-
mingen. Dit bemoeilijkt de precieze lokalisatie van het interessegebied, en kan leiden
tot een lagere kwaliteit lamel of zelfs het wegsnijden ervan. Om dit op te lossen, ont-
wikkelen we in Hoofdstuk 3 een diepte-afhankelijke, niet-lineaire schalingstheorie,
die algemeen toepasbaar is binnen het vakgebied van de optische microscopie. Deze
analytische theorie maakt het mogelijk om een diepte-afthankelijke herschalingsfac-
tor te berekenen op basis van de numerieke apertuur, de brekingsindices en de golf-
lengte van het gebruikte licht. De theorie wordt gevalideerd door middel van bereke-
ningen en metingen, verkregen met een experimentele opstelling voor verschillende
numerieke aperturen en brekingsindexverschillen. De diepte-afthankelijke axiale
schalingstheorie wordt vervolgens toegepast om hoge-resolutie 3D-lichtmicroscopie
data te corrigeren, die onder uiteenlopende brekingsindexmismatch-condities zijn
verkregen. Dit laat zien dat het van belang is om axiale vervormingen in lichtmi-
croscopie te corrigeren, die ontstaan door brekingsindexverschillen in bevroren
gehydrateerde lamellen. Het corrigeren hiervan is cruciaal voor een nauwkeurige
lokalisatie, zodat het interessegebied exact kan worden uitgesneden.

Een andere uitdaging is het verkrijgen van betrouwbare, real-time feedback over
de dikte, uniformiteit en kwaliteit van de lamellen tijdens het snijproces. Doorgaans
worden scanning electronen microscopen gebruikt om de lameldikte te beoorde-
len, maar deze benadering gaat ervan uit dat de lamel uit homogeen materiaal
bestaat, wat bij cellen vaak niet het geval is. Bovendien vereisen veel methoden een
voorafgaande kalibratiestap, wat de complexiteit vergroot en de preparatiesnelheid
beperkt. Hoofdstuk 4 presenteert een reeks oplossingen voor deze uitdagingen door
drie complementaire methoden te introduceren voor het bepalen van de lameldikte
tijdens snijden met een gefocusseerde ionenbundel: (i) de toepassing van q4STEM op
bevroren en gehydrateerde lamellen, gevalideerd tegen energie gefilterede electro-
nen tomografie; (ii) de schatting van de lameldikte met reflectie licht microscopie,
waarbij gebruik gemaakt wordt van de ionenbundel snij geometrie; en (iii) het be-
nutten van dunne-film interferentie om real-time een diktekaart van het lammel
te genereren. Samen bieden deze technieken directe terugkoppeling op de dikte,
laterale uniformiteit en de toestand van de beschermende platina laag tijdens het
snijproces. Door dit te integreren in de snij workflow wordt niet alleen de precisie en
betrouwbaarheid van lamelvoorbereiding verbeterd, maar ook de reproduceerbaar-
heid en opbrengst van hoogwaardige lamellen vergroot. Door real-time feedback
te geven over kritische parameters zoals dikte, uniformiteit en de integriteit van de
platina laag, vermindert onze aanpak de complexiteit van het proces en maakt deze
het toegankelijker voor routinematig gebruik in cryo-elektronenmicroscopie met
hoge resolutie. De mogelijkheid om interessegebieden te selecteren op basis van
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fluorescentie, in combinatie met dikte- en kwaliteitscontrole, maakt efficiéntere en
meer geautomatiseerde workflows voor lammel preparatie mogelijk.

Het gepresenteerde werk biedt een uitgebreide set hulpmiddelen en technieken
om de lammel preparatie workflow te verbeteren. Door uitdagingen aan te pakken
op het gebied van diktemeting, fluorescentiegebaseerde doel bepaling en axiale
vervormingscorrectie, kan dit werk leiden tot meer geautomatiseerde, snelle en
betrouwbare processen in workflows voor lammel preparatie. In Hoofdstuk 5 be-
spreken we de vooruitzichten en implementatie binnen de structurele biologie en
presenteren we twee voorbeelden van de directe bepaling van interessegebieden op
basis van fluorescentie microscopie, als onderdeel van lopend onderzoek in samen-
werking met de groepen van Arjen Jakobi en Dimphna Meijer aan het Kavli Institute
of Nanoscience in Delft. We sluiten af met een overzicht van verdere ontwikkelingen
en mogelijke verbeteringen.

Xiii






INTRODUCTION

The manipulation of light to magnify small objects has been around for centuries,
and the advent of the first microscopes marked a significant milestone in the his-
tory of science. Studies of the microscopic world, conducted between 1665 and
1680 by Robert Hooke and Antoni van Leeuwenhoek, catalyzed a revolution in our
understanding of biology. Together, they laid the groundwork for the field of mi-
crobiology, offering the first glimpses into the hidden world of microorganisms
with observations of bacteria, protozoa, and sperm cells (Gest, 2004). As optical
microscopy methodologies advanced, so did our comprehension of cellular biology,
culminating in the formulation of cell theory during the 19th century (Ribatti, 2018).
This progression paralleled the increasing need for enhanced visualization of cellu-
lar structures. The iterative cycle between instrumentation development and the
pursuit of comprehending life at the minutest scales remains ongoing to this day.

EM has been, and continues to be, pivotal in this quest for understanding, as
it remains the sole imaging method capable of discerning the intricate structural
features within a cell. This is illustrated in the popular science book Mr. Tompkins
Inside Himself - Adventures in the New Biology by George Gamow and Martynas
Ycas, depicted in Figure 1.1a. Published in 1968, the book narrates Mr. Tompkins’
exploration of the cellular architecture of his body during a dream journey, where
the image shows how the insides of a cell could look, when sliced open and imaged
using an electron microscope (Gamow et al., 1968). Given typical cell dimensions on
the order of micrometers, the knife shown in this particular sketch is, of course, not
true to scale.

@ (b)

Figure 1.1: Sectioning a cell. (a) A cell sliced open as illustrated in a 1968s popular science
book (Gamow et al., 1968), and (b) the graphical abstract of a research article published 45
years later (Villa et al., 2013).
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Fast-forwarding to 2013, where a focused beam of gallium ions has assumed
the role of a microscopic scalpel, opening a window into the cell see Figure 1.1b
(Rigort et al., 2012; Villa et al., 2013). A single cell is adsorbed onto a holey foil,
and grazing incident ion bombardment has locally removed cellular material to
unveil a cross-section of the cell’s interior, priming it for high-resolution imaging
with a TEM. While conceptually similar to the 1968 dream vision, there are many
subtle differences in the practical realization, which are the results of significant
technological developments in the past decades. Rather than inspecting a single cell
from a living organism, the single adsorbed cell is obtained from a culture of cells,
something which is only possible due to major developments in this field over the
past 100 years (Jedrzejczak-Silicka, 2017). Furthermore, to image a cell at the highest
possible resolution using an electron microscope, it needs to remain still, something
which is obstructed by the cellular activity of living tissue. It can be affixed by an
extremely rapid freezing process, causing the water within the cell to solidify into
an amorphous (vitreous) state, thus preserving its biological structure (Dubochet
etal., 1981). Finally, instead of imaging a cell cut in half inside a SEM, the thinly sliced
section (lamella) is imaged by electron tomography using a TEM, which has required
the field of electron microscopy to evolve since its conception in the 1930s (Gordon,
2014; Haguenau et al., 2003; Harris, 2015; Masters, 2009).

Resolving the specific three-dimensional structure of interacting proteins within
the cellular context is imperative to advance disease understanding (Dalle-Donne
et al., 2006; Ganten et al., 2006). Ideally, a specific protein of a few nanometers in
diameter (akin to finding a needle) would be targeted within the volume of a cell
(~1000pum?, similar to a haystack) and once found, subsequently fabricate a section
encompassing it. Unfortunately, neither the FIB nor the SEM, provides a contrast
mechanism for biomolecular composition, potentially leading to indiscriminate
removal of material and inadvertent ablation of the protein of interest. Combining
a FIB and SEM with FM is a potential solution to this challenge, as FM enables the
visualization of specific parts of tissue, cells, individual organelles, and/or macro-
molecular assemblies within a cell through the use of fluorescent labeling. These
techniques are discussed individually below before discussing the state of the art
and how this work pushes the boundaries.

1.1 FLUORESCENCE MICROSCOPY

Fluorescence is a process where incident (excitation) light is absorbed by a sub-
stance, followed by the subsequent emission at a different wavelength. In general,
the emitted light has a longer wavelength (lower energy), than the absorbed light,
a process called Stokes shift. The first fluorescent microscopes were conceived in
the early 1900s, and have evolved to allow targeted live cell imaging through the
development of fluorescent stains (1930s), fluorescent-labelled antibodies (1940s),
green fluorescent proteins (GFP, 1960s), their subsequent development as genetic
tags (1990s) and novel fluorescent markers in recent years (Chalfie et al., 1994; Dunst
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Figure 1.2: Schematic layout of an epi-fluorescence microscope. On the right
an example fluorescence microscopy image showing an overlay of three com-
ponents in a dividing human cancer cell. DNA is stained blue, a protein called
INCENP is green, and the microtubules are red. Scale bar 10 um, image from
(Wikimedia, 2010).

etal., 2019; Hickey et al., 2021; Prasher et al., 1992; Renz, 2013). By labeling various
biomolecules within a cell using distinct fluorescent markers, one can capture mul-
ticolor fluorescence images that provide insight regarding the presence and spatial
arrangement of the labeled biological molecules or entities.

A FM setup functions by separating the excitation and emission paths using a
dichroic mirror, as shown in Figure 1.2. An epifluorescence configuration is shown,
where both excitation and emission light travel through the same objective lens (OL).
In the emission arm, different distinct narrow bandpass emission filters assure that
only light emitted from the fluorophore is imaged onto the camera. By omitting an
emission filter it is generally possible to perform RLM, as (i) the spectral alignment
between the the light source and the dichroic mirror is never perfect, and (ii) the
camera sensors are designed to be extremely sensitive. In many modern FM setups,
the optical objective lens is designed such that the imaging distance is set to infinity,
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which allows for optical accessories to be placed into the light path. A tube lens (TL)
is used to ensure that an image plane is created on the camera sensor.

In the excitation arm, light from a multicolor fiber-coupled light source is collected
by a collection lens and, in conjunction with a field lens, is focused into the exit pupil
of the OL. A field stop positioned between the collection and field lenses ensures that
the illuminated area on the sample is matched with the area imaged by the camera
Sensor.

A critical parameter is the numerical aperture (NA), which is a dimensionless
number that characterizes the range of angles over which the system can accept or
emit light, and is defined as

NA = n; sin(8), 1.1

where 7 is the refractive index of the immersion medium, and 6 is the half-angle
of the maximum cone of light that can enter or exit the lens. A higher NA allows for
more light to be collected and thus resolve refined details as the attainable resolution
d is given by

d=——, (1.2)

where A is the wavelength of light.

The strength of fluorescent microscopy is that it can resolve, for instance, spatial
arrangement between two differently labeled biological molecules (see inset Fig-
ure 1.2). At the same time, this is also a weakness as the relation to, and the structure
of unlabelled material remains invisible. In a way, the inverse holds true for electron
microscopy, where an entire cell can be imaged with a high level of structural detail,
but information on the type of biological molecules present is lacking.

1.2 ELECTRON MICROSCOPY

In contrast to visible light, electrons are able to resolve nanometer sized features
when used for imaging, and the use of electrons to visualize a specimen at intricate
levels of details is extremely broad. A SEM utilizes a focused beam of electrons to
raster the surface point by point, while collecting back scattered (BSE) or secondary
electron (SE) signals, generated by the specimen-beam interaction. This produces a
high-resolution image with the contrast determined by material composition, (local)
conductivity, surface morphology, electron signal recorded, acceleration voltage of
the incident electrons, and more factors.

Secondary electron generation is an inelastic process, whereas back scattering is
an elastic process. Both have a different scattering cross sections associated with
them, describing the interaction probability between the incident electron beam and
the specimen. The probability for elastic scattering is approximately proportional the
atomic number squared, Z2, while the inelastic scattering probability does not have
such direct relation (Hawkes et al., 2007). Secondary electrons are characterized as
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having energies less than 50 eV. This makes that only SEs near the specimen surface
can escape and as such, the contrast is mostly dominated by sample topography
(see for instance see Figure 1.3a). Over 95 % of an organisms weight is composed of
H, C, N and O, having respectively Z = 1, 6, 7 and 8 (Alberts et al., 2002). As such,
BSEs do not provide sufficient contrast without additional sample preparation, for
instance staining the specimen with heavy metals like osmium, uranyl and lead.
Depending on the procedure, specific biomolecular compounds will bind the high
Z metals, and thus provide good contrast in the SEM.

Transmission electron microscopy

The maximum resolution obtained in an SEM depends on multiple factors, such as
the electron beam spot size and interaction volume of the electron beam with the
sample. Currently, the lower resolution limit lies around 1 nm, while the electron
wavelength A used is approximately 6.98 pm (at an kinetic energy K of 30keV), as
given by

hc
Aej = ———— (1.3)

VK2 +2Kmec®
Here, h is Planck’s constant, c is the speed of light, and m, the rest mass of the
electron. To further study macromolecules such as membrane proteins, protein-
DNA complexes, and nucleic acid structures at ultra-high resolution, a TEM with a
broad beam illumination scheme is used.

In a TEM, electrons pass through a thin specimen, where local phase differences
in the exit electron wave after transmission through the sample are converted to
intensity contrast to form an image providing detailed views of internal structures,
see Figure 1.3b as an example. An operation voltage of 100 to 300 kV is used to reduce
inelastic scattering limiting charging effects, and retaining spatial coherence as elec-
trons transit the specimen (Dickerson et al., 2022; Herzik Jr et al., 2017). Although the
electron wavelength in a TEM lies well below a nanometer, the attainable resolution is
determined by aberrations and not diffraction contrary to visible light. Consequently,
the realization of aberration corrected imaging paved the way to resolve structures
at atomic resolution. Developments to do this for purified biological structures,
have been ongoing since 50 years and is called single particle analysis (SPA), where
the three-dimensional structure is reconstructed by computationally extracting the
individual particles from high resolution images (Frank, 2015).

1.3 CRYOGENIC ELECTRON TOMOGRAPHY

Obtaining three-dimensional structures through SPA is only possible if highly purified
and monodisperse macromolecules are imaged, computationally extracted, aligned
and averaged, see Figure 1.3c. It is crucial that the macromolecules do not move
during image acquisition. To this end, the purified samples are frozen in a thin
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(a) (b) ()

Figure 1.3: Different examples of electron microscope images. In (a), a scanning electron micrograph of
bacteria where predominantly surface morphology is visible (Wikimedia, 2002), whereas in (b) is a bacteria
as imaged with an transmission electron microscope, where electron travel through, and the internal
structure can be visualized (Wikimedia, 2015).Finally in (c) a transmission electron micrograph of vitrified
virions (top), where through isolating, averaging and computation a three-dimensional reconstruction of
the virions can be made (bottom) (Wikimedia, 2018).Scale bars: (a) - 200 nm, (b) - 200 nm and (c) - 50 nm.

layer of amorphous (vitreous) ice. This can be achieved through plunge freezing, a
process where the watery specimen is rapidly submerged into a cryogen such as a
liquid ethane/propane mixture (about —188 °C). The use of this mixture allows for
freezing rates of >100000 °C/s due to the relatively high thermal conductivity and
specific heat, compared to liquid nitrogen. In doing so, the water will solidify as an
amorphous solid and will not have a chance to crystallize, thereby also keeping the
biological structure intact (Dubochet et al., 1981).

Although it is possible to study macromolecular structures in high detail, the
downside of SPA is that the cellular context is missing. This has been the main driving
force behind developing cryo-ET on sections (lamellae) cut from frozen hydrated cells.
Tomography is a well established technique, in which the sample is rotated whilst
recording different views of the same area. By backprojecting these different views,
the three-dimensional structure residing in the lamella, can be resolved. To attain
high resolution, the lamella must be thinner than the inelastic mean-free path of
electrons in water ice. This typically requires a thickness of approximately 100 to
200 nm (Vulovi¢ et al., 2013), and can be prepared using a focused ion beam (FIB).

FIB fabrication of lamellae

Afocused beam of ions can also be scanned over the sample surface while measuring
back scattered or secondary electron signals. Different species of ions can be used in
dual beam systems, also known as a focused ion beam scanning electron microscope
(FIB-SEM), though within the scope of this thesis, mostly gallium ions have been used.
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Although images can be acquired with the FIB, the use of an accelerated beam of ions
also induces sputtering, a process where the impinging ions eject particles from the
sample (Utke et al., 2008). As the amount of ejected material scales with the incident
ion current, it is possible to acquire images at relatively low currents of 1 to 80 pA,
whereas sputtering, or milling is often done at >>80 pA.

FIB fabrication of lamellae has its roots in materials science. Early experiments
demonstrated that this technique could also be successfully applied to frozen bio-
logical samples under cryogenic conditions, avoiding devitrification (Basgall et al.,
2006; Hayles et al., 2007; Marko, Hsieh, et al., 2006; Marko, CE Hsieh, et al., 2006;
Michael Marko et al., 2007). In recent years cryo-ET imaging on frozen hydrated
lamellae, fabricated with a FIB, has been used to successfully study the molecular
environment of the cell (Hagen et al., 2015; Mahamid et al., 2016). It is emerging as
a powerful imaging technique in structural biology research, although the sample
preparation workflow is fraught with challenges and difficulties (Berger et al., 2023).

1.4 CHALLENGES IN THE SAMPLE PREPARATION WORKFLOW FOR CRYO-ET

Preparing lamellae for high resolution imaging is a many step process starting at the
cell culture. In many of the preparation steps prior to loading the specimen into the
TEM, one needs to consider; correct EM grid preparation, cell density & distribution,
the possible use of cryo-protectants, plunge freezing consistency, EM grid clipping,
parasitic ice contamination, vitrification uniformity or partial recrystallization. A
selection of these, specific to FIB prepared lamellae, are discussed in more detail
below:

CAPTURING THE REGION OF INTEREST Given that lamellae have a local thick-
ness of 50 to 300 nm while cells are typically micrometer-sized, only a small
fraction of the total cellular volume is captured in a prepared lamella. There-
fore, macromolecules, cellular structures, and interactions of interest that are
not uniformly and abundantly distributed throughout the cell may have a low
likelihood of being included within the prepared lamella.

LAMELLA THICKNESS Thelamella thickness should be approximately 100 to 200 nm,
and uniform to allow for high-quality imaging and accurate tomography. Bio-
logical samples are often heterogeneous in density and composition, making
it challenging to mill uniformly and avoid preferential thinning.

ICE CONTAMINATION AND RE-CRYSTALLIZATION From the moment cells are
plunge frozen, they need to remain well below approximately —135 °C, as this
is the transition temperature from vitreous to crystalline water ice (Dowell
etal., 1960; Dubochet et al., 1981). At the same time, an amorphous ice layer
can easily grow from water molecules residing the the vacuum rest gas. This
ice layer decreases the contrast of the TEM image, lowers data quality, and
limits the downstream achievable resolution.
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Although careful preparation of lamellae is crucial for obtaining high-resolution
imaging in TEM, combining fabrication through charged particles with visualiza-
tion of biological function can be achieved through correlative techniques, such as
correlative light and electron microscopy (CLEM), which integrate light and electron
microscopy techniques.

1.5 STATE OF THE ART IN CORRELATIVE LIGHT AND ELECTRON MICROSCOPY

An image acquired with fluorescence microscopy typically contains a large fraction
of low-intensity regions, leaving most of the specimen in the dark, as only specific
parts of the sample (or cell) are fluorescently labeled and emit light, and from this
biological function can be inferred. The SEM or TEM can acquire high-resolution im-
agery containing structural information. Combining these two image modalities into
a single overlaid image, readily provides the biological function placed within the
ultra-structural context, known as CLEM. With their different contrast mechanisms,
creating an overlay can be challenging if the specimen is transferred between two
separate (light and electron) microscopes, but can be overcome through integration,
for which microscopy systems have been developed in the past decade. These solu-
tions have however predominantly targeted room temperature, resin embedding
type, applications. (De Boer et al., 2015; Timmermans et al., 2015; Zonnevylle et al.,
2013).

As the advantages afforded in directly using biological information to determine
the milling site outweigh the challenges, different methods have been developed for
fluorescence targeted FIB milling. In 2016, Arnold et al. used monosized ferromag-
netic polystyrene beads as fiducial markers in preparing frozen hydrated lamellae.
The iron oxide in the magnetic beads is detectable in the FIB by the back-scattered
electron detector and the polystyrene is autofluorescent when excited by green
light in the FM (Arnold et al., 2016). Fluorescent imaging was performed using a
standalone confocal microscope. After transferring the sample into the FIB-SEM,
correlation was achieved through a 3D coordinate transformation.

The first in-situ optical microscope in a cryo-FIB-SEM was presented in 2019, sim-
plifying sample handling and reducing the risk of sample contamination by limiting
the number of cryo-transfer steps. The use of fluorescent data for direct targeting is
still limited as in these systems the sample still had to be shuttled between FM and
FIB-SEM modalities thus requiring repositioning of the sample inside the vacuum
chamber (Gorelick et al., 2019). Since its introduction, the in-situ concept has been
commercialized by different companies, with slightly different geometries (Smeets
et al., 2021; ThermoFisher Scientific, 2021).

The utilization of biological information in the form of FM data for the purpose
of precise, accurate and thus targeted FIB milling has so far been limited by stage
repositioning and/or coordinate transformation errors. The concept of an integrated,
coincident three-beam solution enabling directed, and targeted FIB milling through
the use of FM, constitutes the primary focus of this thesis, and is discussed in full
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Figure 1.4: Schematic of the envisioned lamella fabrication workflow. (a) Cells (blue blobs)
are cultured on electron microscopy grids (yellow mesh), inside a petridish containing liquid
medium (pink). (b) The grid with cells adhered, is picked up with tweezers (gray) and rapidly
submerged into a liquid ethane cryogen (T = —188°C, shaded blue). (c) The plunge frozen
grid with cells is loaded into the three-beam coincident microscope, where SEM, FIB, and
FM imaging modalities are aligned to the same point. (d) Using an overview image acquired
in the SEM, possible cell targets are identified, and each is subsequently imaged in the FM
to find the region of interest (ROI). (e) Using the FIB, material above and below the target is
ablated to create the lamella. (f) The lamella is thinned with the FIB, while monitoring the
state in the light microscope, until an approximate lamella thickness of 200 nm is reached, as
shown in (g).

technical detail in Chapter 2. The conceptual workflow is illustrated in Figure 1.4,
where cells are cultured inside a petri dish containing electron microscopy grids
(extremely fine metal mesh). To be able and pinpoint the biology of interest, these
cells are typically modified to express fluorescence. The cells also adhere to the
grid, and with cell density high enough, a grid can be picked up from the petri dish
and flash frozen through rapidly submerging it into a cryogen. The grid containing
frozen cells is then loaded into the three-beam microscope and a low magnification
overview image is acquired with the electron beam. Potential (isolated) target cells
are identified and subsequently imaged with the fluorescence microscope. After
setting the ROI, the focused ion beam is used to ablate material and create an initial
section, also called lamella. Finally, this lamella is thinned down with the FIB, whilst
continuous monitoring through the light microscope (Figure 1.4f and g).

With the specimen held in vacuum and at cryogenic temperatures, a dry objective
lens is needed to image into frozen cells. This induces a refractive index mismatch
(RIM) between the objective lens (n; = 1.0) and specimen (n; = 1.28 at T = 109K),
inherently leading to axial scaling of the microscope coordinate system, and the
intricacies of this effect are discussed in Chapter 3 (Kofman et al., 2019; Loginov
etal., 2024; Pawley, 2006).

9
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Chapter 4 extends the use of the light microscope beyond detecting fluorescence.
By collecting pseudo monochromatic light, reflected from the specimen, the thick-
ness of the lamella can be determined from thin film interference effects. In addition,
the lamella thickness can also be estimated by recording the radial scattering profile
from a 30keV incident electron beam (Skoupy et al., 2023), where the scattered
profile is imaged by adding a scintillator between the specimen and objective lens.
With the intracellular structures sensitive to damage from the FIB, a protective layer
containing platinum is usually applied prior to ion beam milling. The thickness and
uniformity of this platinum rich layer can also be assessed in the RLM. The prospects
and outlook for structural biology, along with preliminary results from two studies
are presented in Chapter 5, and the conclusion from this work can be found in
Chapter 6.



A CRYOGENIC, COINCIDENT FLUORESCENCE, ELECTRON,
AND ION BEAM MICROSCOPE

To prepare a thin sample from a frozen-hydrated cell for cryogenic electron tomog-
raphy, focused ion beam micromachining is employed. Conventional methods for
preparing these samples lack precision in targeting specific structures or proteins.
Fluorescence-guided focused ion beam milling can target precise locations but
requires multiple sample transfers, increasing the risk of contamination and reduc-
ing accuracy in three-dimensional targeting. In this chapter, a method to fabricate
frozen-hydrated lamellae using in-situ fluorescence microscopy to guide the milling,
is presented. The approach involves retrofitting a compact cryogenic microcooler, a
custom positioning stage, and an inverted widefield fluorescence microscope onto
an existing focused ion beam scanning electron microscope, creating a coincident
three-beam cryogenic correlative microscope. This setup allows for fluorescence
microscopy-guided targeting at each milling step, verified by transmission electron
microscope tomogram reconstructions. The ability to monitor the sample during
and after milling enhances the success rate and increases the efficiency of producing
lamellae suitable for high-resolution imaging.

2.1 INTRODUCTION

High-resolution 3D reconstructions of biological macromolecules in their near-
native cellular environment are necessary to obtain a mechanistic understanding of
complex, biological processes at the molecular scale. Cryo-ET allows imaging cellular
structures at unprecedented resolution and clarity (Tegunov et al., 2021; Zimmerli et
al.,, 2021). In cryo-ET, a sample is flash cooled, thinned to the appropriate thickness,
and a tilt series of projections is acquired using a TEM (Koning et al., 2018; Turk et al.,
2020). A prerequisite for high-resolution cryo-ET is that the sample is thinner than the
inelastic mean-free-path of electrons in vitreous water ice—in practice, this means
a sample thickness of approximately 100 to 200 nm (Vulovi¢ et al., 2013). To create
sufficiently thin sections (lamellae) for high-resolution tomography, the use of a
FIB-SEM has proven to be most successful in ablating the excess cellular material
surrounding the region of interest (Chiang et al., 2007; Hylton et al., 2021; Villa et al.,
2013). In recent years, various improvements and refinements have been made to
the cryo-FIB milling workflow improving throughput, reliability, sample yield, and
quality (Buckley et al., 2020; Schaffer et al., 2019; Tacke et al., 2021; Wolff, Limpens,
etal,, 2019).

This chapter has been published as: Boltje et al. (2022). “A cryogenic, coincident fluorescence, electron,
and ion beam microscope.” In: eLife 11, e82891.
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Identification of the ROI for milling in the right location is a crucial step. Unfortu-
nately, neither the SEM nor the FIB provides a contrast mechanism for biomolecular
composition, leading to blind milling and possibly inadvertent ablation of the struc-
ture of interest. Cryogenic correlative light and electron microscopy (cryo-CLEM) can
be employed to overcome this challenge. In this approach, the location of specific
objects or cellular compartments is targeted for cryo-FIB milling using specific
fluorescent labeling, thus allowing targeted FIB milling.

The first use of cryo-CLEM for fluorescence targeted FIB milling employed mono-
sized ferromagnetic polystyrene beads as fiducial markers for FM and FIB-SEM corre-
lation (Arnold et al., 2016). The signal from the iron oxide in the magnetic beads is
detectable in the FIB-SEM by the back-scattered electron detector and the polystyrene
is auto-fluorescent when excited by green light in the FM. FM imaging for target lo-
calisation was done in a stand-alone cryogenic spinning disk confocal microscope
after which the sample was transferred to the FIB-SEM. Correlation was achieved by
3D coordinate transformation and a correlation accuracy on the order of tens of
nanometer was shown. However, the error range remained relatively large, ranging
from 0.2 to 1 pm depending on the number of fiducial markers used in the correla-
tion. Arnold et al. estimated a success rate of 60 % when milling site-specific lamellas
of 200 to 300 nm thick which would drop when aiming for a thickness of 100 to
200 nm.

More recently, Gorelick et al. (2019) equipped a FIB-SEM with an in-situ FM, simpli-
fying sample handling and reducing the risk of sample contamination by limiting the
number of cryo-transfer steps. Switching between FM and FIB-SEM imaging modal-
ities required repositioning of the sample inside the vacuum chamber. The 2D
positional error made in milling based on FM data is mostly determined by the relo-
cation precision of the sample stage and was reported to be in the range of <420 nm
along X and <220 nm along Y. These relatively large relocation errors prevented
high enough localization accuracy to mill a lamella required for high-resolution
tomograms, in a targeted fashion.

Coincident imaging with all three microscopes could mitigate the need for fiducial
markers and the occurrence of relocation errors, thereby facilitating the application
of cryo-CLEM for the cryo-ET workflow. Such a geometry would also allow FM imaging
while milling, allowing real-time correction of the milling process in the case of
errors, drift, or other misalignments.

Here, we present a coincident 3-beam cryo-CLEM solution, by mounting a tilted
light objective lens inside the vacuum chamber such that widefield FM imaging
can be done whilst FIB milling. The light microscope is combined with a compact
cryogenic microcooler and a custom positioning stage. Our system can be integrated
with existing dual beam systems to allow simultaneous, coincident imaging with
both FM, SEM and FIB for in-situ FM-guided fabrication of frozen-hydrated lamellae.
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2.2 SYSTEM OVERVIEW

A principal design element of our microscope is the placement of the OL of the
fluorescence microscope directly below the sample (Zonnevylle et al., 2013). This
minimizes interference with the EM hardware residing in the upper half space of
the EM and offers the following advantages (Figure 2.1): (i) the OL focal point can be
aligned to the FIB-SEM working point, allowing simultaneous and coincident imaging
with electron-, ion- and photon beams. (ii) in-situ FM-guided FIB milling of frozen
hydrated lamella without any stage moves can be conducted. (iii) Quality control of
the lamella fabrication process can be performed with the light microscopy (LM) at
every step in the milling process. (iv) Multiple ROIs on the sample can be processed,
by centring and focusing the fluorescent ROI in the LM image after a single, initial OL
alignment. (v) An OL with a relatively high NA can be used, in our case an NA of 0.85,
allowing high resolution fluorescence localization.

Vitrified cellular samples on TEM AutoGrids (Rigort et al., 2012) are positioned in
between the objective lenses of all three microscopes. The AutoGrids are located
on top of a thin indium tin oxide (ITO)-coated coverglass that serves as a beam
stop to prevent exposure of the OL to electrons or ions. A cryogenic microcooler is
used to keep the sample vitrified without the need to cool any of the microscope
components, thus retaining unmodified imaging modalities of all three beams. The
FM objective lens and microcooler can be moved about in the vacuum by custom
piezo positioning stages. A sample shuttle transfer is implemented via a modified
PP3006 transfer solution from Quorum Technologies (Quorum Technologies Ltd,
2021). The optical microscope hardware resides on a high vacuum (Hv) door re-
placing the original door of the microscope, and it current design fits on a Thermo
Fisher Scientific (TFS) SDB chamber. By adapting the design of the door, it will be
compatible with dual beam systems retaining 52 degrees between SEM (top) and FIB
(side) from other manufacturers. The piezo stages, microcooler, optical microscope
and interface to the host system are controlled using the open-source acquisition
software Odemis (Delmic B.V)) (Piel et al., 2022). In the following sections we will
discuss the optical microscope, cryogenic sample holder and positioning stage in
more detail.

2.3 OPTICAL MICROSCOPE

To allow optical inspection when the sample is in position for FIB milling at 10° angle
of incidence, the OL is in a tilted position to retain perpendicular incidence to the
sample surface (Figure 2.2). It resides in the HV chamber, along with the folding
mirrors. All other optical components are mounted inside the optical module at
ambient conditions and are separated by an optical vacuum window.

As the sample is held at cryogenic temperature, a relatively long working distance
(WD) objective lens is required. We selected a Nikon CFI L Plan EPI 100xCRA objective
lens (Nikon #MUE35900, 100x) for its intermittent NA of 0.85 and working distance

13
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Figure 2.1: Cryogenic, coincident fluorescence, electron and ion beam microscope. (a) Schematic illustra-
tion showing the retrofitted hardware (dashed box) separated from the FIB-SEM hardware in respectively
the lower and upper half-spaces of the microscope. (b) Schematic illustration of the sample shuttle holder
(SSH) with the TEM grid (sample) clipped into an AutoGrid placed on top of the coverslip. The coincident
point is formed by the electron-, ion- and light beams. Incident angles indicated are limited by the FIB
access hole in the sample shuttle holder. (c) Photograph of the setup showing the Hv door (HVD), optical
module housing (OMH) on which the sample positioning stage (SS), objective lens stage (OLS), objective
lens (OL) and microcooler (MC) are mounted. Scale bar 2 cm. (d) Infrared photograph acquired with the
charge-coupled device (CCD) camera mounted on the FIB-SEM host system showing the microcooler and
objective lens mounted inside the HV chamber. Scale bar 10 mm. (e) Images of an alignment pattern in
the three imaging modalities, the light microscopy image is acquired by collecting reflected light from the
sample. The alignment pattern is milled in the TEM grid coating using the FIB. Scale bar 3.5 um.
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Figure 2.2: High-resolution fluorescence and reflected light microscopy allows to overlay fluorescence
markers on sample structural layout. (a) schematic illustration showing the layout of the epi-fluorescence
microscope. M1 and M2 form a folding mirror residing in high vacuum together with the objective lens
(OL). The vacuum window (VW) separates the high vacuum from ambient conditions. Excitation and
emission paths are separated by the dichroic mirror (DC). Two cylindrical lenses (C1 and C2) are placed
in the emission path to allow for astigmatic point spread function shaping. Emission filters are mounted
in the filter wheel (FW), and the tube lens (TL) focuses the image on the camera (SCMOS). The light
source (LS) is coupled by a fiber (FB) to the optical module. Light emitted from the fiber is collected by the
collector lens (CL), clipped by the field stop (FS) and imaged into the OL object plane by the field lens (FS).
(a) Optical objective lens mounted on 3DOF stage along with M1 and M2. Scale bar 1 cm. (b) Annotated
photograph showing the optical module. Scale bar 4 cm. (c) XY slices from point spread functions of the
optical microscope, at different levels of defocus, both in case of wide field imaging and with induced
astigmatic shaping. The point spread functions have been obtained by imaging and averaging individual
fluorescent beads (Ts; = 300K, N =20, A = 520nm). Scale bars 0.5 um. (d) Imaging modalities of the
optical microscope. Left top: fluorescence microscopy (FM) image of drosophila myofibrils where Sls(700)
is tagged with Alexa Fluor 488. Left bottom: reflected light microcopy (RLM) image of the same area as the
FM image. Right: Overlay of the FM and RLM images. The circular pattern originates from the Quantifoil R
2/2 film and interference fringes are visible along the radial direction of the myofibrils due to the changing
thickness. Scale bars 8 um.
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ranging between 0.85 to 1.2 mm depending on correction collar setting (0 to 0.7 mm).
In our specific case (coverslip #1.5H, 0.170(5) mm thick) the wD is approximately
1 mm. Residual gas analysis with the OL in a separate vacuum setup did not show
any foreign species due to the addition of the OL and we did not observe the imaging
performance to deteriorate after repetitively pumping and flushing.

In addition to four fluorescence channels, the setup also allows for imaging with
RLM by collecting light reflected by the sample from either of the excitation channels
through an additional pass-through hole in the filter wheel. Overlaying the FmM
and RLM images facilitates targeted milling by combining fluorescence signal with
contextual information Figure 2.2e.

Astigmatic point spread function (PSF) shaping is implemented by inserting two
obliquely crossed cylindrical lenses, in the form of a Stokes variable power cross-
cylinder lens set, in the detection path (Stokes, 1849; Thompson, 1899). One of the
two lenses is mounted in a rotational mount, actuated by a stepper motor, and is
used to switch between astigmatic and regular wide field imaging.

To validate the performance of the optical microscope, we recorded point spread
functions at cryogenic conditions by imaging and averaging fluorescent beads (sam-
ple temperature 300K, N =20, A = 520nm). The full width half maximum (FWHM) of
the widefield PSF is 370 and 1000 nm for the XY and Z directions respectively. The
astigmatic PSF is recorded by setting 6 = 92°, which leads to an astigmatic deforma-
tion in the PSF, Figure 2.2d.

2.4 CRYOGENIC SAMPLE HOLDER

Conventional cryogenic FIB-SEM systems often use a cold-gas cooled sample holder
consisting of a solid block of copper with positioning stage mechanics below it, which
is incompatible with our design for the optical microscope. Our cryogenic sample
holder (Figure 2.3) needs to: (i) keep the sample vitrified, (ii) allow the sample to be
imaged from three sides simultaneously by SEM, FIB and LM, (iii) accept TEM grids
clipped in AutoGrid cartridges, (iv) keep drift and vibration levels at a minimum and
(v) shield the sample from contamination as much as possible. We opted for a cold-
finger design where the central feature is a customized Joule-Thomson (JT) cryogenic
microcooler optimized for its low vibrations, drift and small footprint (DEMCON
kryoz), (DEMCON-kryoz, 2021; Lerou et al., 2008). The cooling mechanism is based
on high pressure gas undergoing JT expansion through a restriction, producing a
maximum net cooling power of ~200 mW. The cold stage consists of three layers of
patterned borosilicate glass (D263T) housed in a titanium tube, and is braided to
a cold finger. The 0.1 mm thick titanium tube provides adequate thermal isolation
from the bigger aluminium body containing incoming gas lines, electrical wiring
and a vacuum connection. The housing is leak tight and differentially pumped by
the FIB-SEM vacuum system through a fluoropolymer tube.

This compact cooling solution provides local cooling to the sample. We found that
it requires approximately two hours to reach <108 K and the cooler can keep the
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Figure 2.3: Cryogenic microcooler design and performance. Photographs of (a) the microcooler mounted
on the sample positioning stage (SS), (b) the sample shuttle holder (SSH) in detail and (c) the shuttle
(ST) and the stacking order of the coverslip (CS), AutoGrid (AG), spacer ring (SP) and screw (SC). Scale
bars 10 mm, 5mm and 2 mm respectively. (d) Microcooler thermal performance over time. T¢;s and T,
refer to the cold stage and shuttle holder temperatures (101.5 and 107 K respectively when stabilized).
The heater power required for temperature stabilization is also plotted (P¢s and Pgp,). The shuttle holder
temperature is stabilized within 10 to 20 mK as shown at the bottom. As cryo pumping water from the
rest gas slowly increases the radiative heat load, we changed the set point to 106 K at ¢ = 6h to have more
heater power available for temperature stabilization. (e) Drift measured whilst regulating both cooler-
and shuttle holder temperatures. (f) Peak to peak vibration amplitude as a function of frequency at 101 K
cooler temperature (T¢s) and different directions. These spectra were measured with the microcooler
mounted on an aluminium dummy stage inside the FIB-SEM system. The peak at 50 Hz originates from
electrical interference.
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sample cold for more than 9 h. The standing time is solely limited by cryopumping
water from residual gas onto the cold surfaces as seen by the decrease in heater power
(P.s and Pgp) required for temperature stabilization. The lack of any liquid boil-off
keeps the vibration- and drift levels very low. With the shuttle holder temperature
stabilized within 10 to 20 mK (Figure 2.3d, bottom), the drift levels are approximately
1 nm/min along the y direction and 0.5 nm/min for the x direction. The peak to
peak vibration levels are well below 1 nm in all directions. Peaks around 500 Hz are
caused by high pressure gas undergoing expansion through a restriction in the cold
stage. An internal braid decouples these vibrations best along the X direction, but is
stiffer along Y and Z directions.

2.5 PIEZO POSITIONING STAGES

To position the sample within the vacuum chamber, the cryogenic microcooler is
mounted on an in-vacuum piezo positioning stage having 5 degrees of freedom:
X, Y, Z, Ry and R;. It is built up from individual linear crossed roller bearing posi-
tioners using a piezo stick-slip mechanism (SLC Series, SmarAct GmbH) (Figure 2.4)
(SmarAct GmbH, 2021). It is designed to have +3 mm translation range in X, Y, Z
and +28° rotation range in R, when aligned to the FIB-SEM coincident point. By set-
ting R, = —28°, the FIB maintains a 10° grazing incident angle to the sample surface.
The stage has a clear aperture for the optical path and OL with the corresponding
piezo positioning stage having 3 degrees of freedom: X, Y, Z.

The X and R, axis of the sample stage operate independently whilst the Y, Z and
R, axis are coupled through a kinematic mount. The Y positioners are coupled to
three positioners mounted on wedges, rotating them 45° in Y Z plane. This geometry
was optimized for its stiffness as rotations in Ry require the microcooler and con-
nected tubing to be moved about. Z translation is obtained by moving the slanted
positioners down whilst compensating the resulting Y shift with the Y positioners.
In the detailed photograph on the right the microcooler mounting plate is shown. It
has three ceramic balls on the bottom which mount into three kinematic mounts;
two v-grooves and one point contact. Leaf springs on top keep the ceramic balls in
place. The stage electronics are programmed such that all sample stage moves are
performed in the (possibly rotated) sample coordinate system.

We measured the repositioning error of the stage by initiating a random move
of the sample positioning stage and then returning to the start position. The same
feature was brought into focus with FM (manually, by eye), and centered in the
field of view (FOV). We then acquired images of the sample with the SEM and FIB.
This procedure was repeated a number of times and the image to image shifts
were used to determine the relative error in the X, Y and Z directions (sample
coordinate system). From these measurements we estimated oy, oy and o 7 to be
41, 43 and 291 nm respectively (blue) when focusing using a widefield PSF. When
using an astigmatic PSF (~110 mA, orange) the repositioning error along Z is reduced
significantly to 89 nm. To probe robustness to mechanical vibrations, we recorded
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the vibration spectrum at room temperature With the microcooler mounted on the
sample stage. The reduced stiffness of the sample stage alters the vibration spectrum,
showing more and broader peaks above 100 Hz with respect to the aluminium
dummy stage. However, the peak-to-peak vibration levels are well below 1 nm.

2.6 LIGHT MICROSCOPY-ASSISTED LAMELLA FABRICATION IN VITRIFIED
CELLS

Sample loading and 3-beam alignment

With the microcooler at its operating temperature (<108 K), it is moved into the
loading position by the piezo stage. Plunge frozen vitrified cells on a clipped TEM
grid are loaded in the sample shuttle. The sample shuttle is picked up and transferred
in using the modified Quorum transfer system. The sample stage is then positioned
such that the TEM grid is brought into the SEM and FIB focus by positioning it near the
coincident point of the FIB-SEM. Next, the OL stage is used to bring the sample into
the optical microscope focus and care is taken to align the three beams by imaging
a piece of bare grid foil with all imaging modalities. The thin (15 to 50 nm) grid foil
allows precise alignment of all three beams in the following way: first the sample Z
height is adjusted such that SEM and FIB image the same area on the sample. Next,
the OL position is adjusted such that this area is also imaged in RLM and hence
coincidence is achieved with the three beams. We found that the stability of the
coincidence alignment was approximately 0.7, —0.2 and —0.05 um/h for the X, YV
and Z directions respectively. The largest drift is observed along the lamella width
(X) which is typically not the most critical dimension, as the width usually spans
several micrometers. See the Material & Methods section for more details.

After this, the objective lens stage is not moved anymore and sample navigation
is done solely with the sample positioning stage (XY). Bringing a region of interest
into the optical microscope focus is also done with the sample stage (Z) as X, Y,
Z moves are performed in the rotated coordinate system of the sample. Having
a region of interest in focus and centered in the FOV of the FM/RLM automatically
aligns it to the center of the FIB and hence milling can commence.

Live monitoring and adjustment of FIB milling

FM and RLM images acquired before and during the milling process were used to
monitor FIB milling (Figure 2.5). Drosophila and zebrafish myofibrils samples were
used for these experiments (Sls(700) tagged with Alexa Fluor 488). The fluorescence
(green) is overlaid on the reflected light (grayscale). A few cropped snapshots from
this live recording are shown in Figure 2.5a. The image on the left shows the milling
area by the dark blue rectangle and the fluorescent target is red encircled. Four
different snapshots of this milling area are shown on the right. The varying color
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Figure 2.4: Piezo positioning stage design and performance. (a) Photograph of the piezo positioning stages
used in the setup. The 5 degrees of freedom (DOF) sample stage (SS) moves the microcooler including
sample holder around and the 3DOF stage (OLS) positions the OL. Scale bar 2 cm. (b) Schematic showing
kinematic geometry for movements along Z and Ry. The microcooler is mounted on an interface plate
having three ceramic ball contacts and mount to three kinematic mounts; two v-grooves and one point
contact. (c) Repositioning error as measured when using the LM to repetitively centering and focusing the
same feature in RLM. Images of the sample are acquired with the SEM and FIB and the image to image shifts
are used to determine the repositioning error in the X, Y and Z directions (sample coordinate system).
0x,v,z indicated in blue and orange in nanometer. Number of measurements N = 100. (d) Peak to peak
vibration amplitude as a function of frequency with the microcooler mounted on the 5DOF stage inside
the FIB-SEM system. The peak at 50 Hz originates from electrical interference. Due to reduced stiffness of
the sample stage (as compared to the aluminium dummy stage), an overall increase is measured whilst
staying well below 1 nm peak-to-peak.
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Figure 2.5: Light assisted FIB milling of frozen hydrated lamellae. (a) RLM and FM images were recorded
whilst milling. The image on the left shows the indicated milling area marked in dark blue. The four
images to the right show snapshots at different stages of milling, denoted with the varying color scale.
This color scale is also used in (b) where the normalized integrated pixel intensity across the milling area
Y direction is shown for both the reflection and fluorescence channels. (c) Stepwise milling progression
as observed by RLM and FM. Estimated lamella thickness based on FIB images indicated at the top of the
images. The fluorescent feature of interest is marked by the white cross and any misalignment (white
arrows) can be corrected for. All scale bars are 5um. Drosophila and zebrafish myofibrils in (a) and (c)
respectively. Fluorescence marks the Z-disc of the sarcomere.
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scale is used to indicate the progress in time ranging from 0 to 6 min. In Figure 2.5b,
the intensity of both the FM and RLM signals within the milling area are integrated
along X and normalized. The dark blue curves are the integrated pixel intensity prior
to milling. The light blue peak on the right in the reflection plot corresponds to the
second (bottom) myofibril visible in Figure 2.5a. As the lamella gets thinner, the
central reflected intensity peak becomes narrower (going from yellow to red). As the
fluorescent target is larger than the lamella thickness, some loss of fluorescence is
expected as is shown in the bottom plot. Although the fluorescence signal decreases
it still remains after milling. The full video can be found in (Daan B Boltje, Hoogen-
boom, Jakobi, Jensen, Jonker, Kaag, Koster, Last, Agrela Pinto, and J. M.
bibinitperiod o. Plitzko, 2022).

Quality control can be performed during every step of the milling procedure
without the need for stage movements when switching between the different imaging
modalities. Consequently, any misalignment of a feature of interest with respect to
the center of the lamella is spotted and corrected for. After each step RLM and FM
images are acquired. With the feature of interest marked by the white cross, it is easy
to spot a misalignment (white arrows) and correct for this by shifting the milling
patterns accordingly. This prevents accidentally milling away the feature of interest
and increases sample preparation yield.

Fluorescence targeted milling and cryo-ET

We illustrate a fluorescence-targeted lamella fabrication workflow by targeting au-
tophagic compartments in HeLa cells (Figure 2.6). We used a red fluorescent protein
(RFP)-GFP tandem fluorescent-tagged LC3 (mRFP-GFP-LC3) single molecule-based
probe that can monitor the autophagosome maturation process (Kimura et al.,
2007a). This probe emits yellow signals (GFP plus RFP) in the cytosol and on au-
tophagosomes but only red signals in autolysosomes because GFP is more easily
quenched and/or degraded in the lysosome than RFP (Katayama et al., 2008). We
selected regions of LC3-positive punctae using the mRFP-GFP fluorescence signal
and focused this region in the center of the field of view. We then cut the lamella
step-by-step and finally polished whilst making sure the feature of interest is still
present (Figure 2.6a through d) at all stages. The contrast was increased to make
the fluorescence visible (Figure 2.6d, left) and the final lamella imaged by FIB in
the right panel. The sample containing the milled lamella was removed from the
FIB-SEM using the transfer system and loaded into the autoloader of the cryo TEM.
An overview image of the lamella was acquired and using the RLM image data we
overlaid the FM signal guided by the the outline of the lamella as imaged by TEM
and RLM. We then acquired tilt series at the sites still showing fluorescence and a
z stack is reconstructed the tomograms. No signs of devitrification were visible in
these reconstructions, indicating the sample has been well preserved during the
entire procedure.
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()

Figure 2.6: Light targeted FIB milling of frozen hydrated lamellae. (a) First the sample is brought into the

center of the FOV and focussed properly. Green & yellow: autophagosomes and red: autophagolysosomes.

(b) Close-up of (a) showing the milling area in more detail. (c) Snapshot taken at an intermediate milling
step. (d) left; the lamella finished and polished, imaged in the FM and the contrast enhanced to show
the feature of interest. Right; a snapshot acquired with the FIB showing the polished lamella. (e) the
RLM channel is used to align the light microscope data with the TEM overview image. The fluorescent
feature of interest indicates where the tomogram should be acquired. (f) Z slices of the reconstructed
TEM tomogram with (g) segmentated membranes. Annotated are autophagolysosome outer membrane
(green), autophagolysosome membraneous content (blue and red). Scale bars: (a) - 40 um, (b) - 10 pm, (c)
- 5um, (d) left - 10 um, (d) right - 5pm, (e) - 5um, (f) - 0.25 um, (g) - 0.1 pm.
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2.7 DISCUSSION

Currently, the system presented is solely compatible with samples in an AutoGrid
form factor. With minor modifications, other planar sample types, such as samples
prepared by the Waffle Method (K. Kelley et al., 2022), would fit inside the sample
shuttle. Identifying grid bars and sample navigation can be done directly using the
LM. Imaging through a relatively thick sample (~50 um) pose potential challenges, as
the increased imaging depth is likely to induce aberrations and increased scattering.

Although the system presented reduces the sample handling steps, contamination
and avoids the use of fiducial markers, it also has its limitations: (i) Without an
additional external cryo fluorescence microscope, FM can only be done when the
sample is clipped and loaded into the FIB-SEM; (ii) A required working distance
of ~1 mm prevents high (>1) NA objective lenses to be used; (iii) Implementing a
cryo-immersion objective lens adds significant complications and is not straight
forward; (iv) The integrated approach reduces the number of available methods for
super resolution microscopy due to the need for a compact optical path.

External cryogenic super resolution microscopy can readily provide sub diffraction
limit imaging and can provide a milling target, but the localization precision will
only be as good as the correlation accuracy provided by the fiducial markers images
in both LM and FIB. This same limitation also applies to the different commercially
available integrated LM systems that can be retrofitted onto the FIB-SEM, but require
in-vacuum stage movements (Smeets et al., 2021; ThermoFisher Scientific, 2021).

We have implemented a system of two rotatable cylindrical lenses to allow fluores-
cence imaging with an astigmatic PSF. We have demonstrated that astigmatic imag-
ing improves re-localization accuracy after stage movements to within 90 nm along
the optical axis. Further work could push this concept further towards quantitative
localization of multiple or potentially even single fluorophores and consequently
targeted milling with even lower positional errors. This would also open up the
possibility for automated milling, based on acquired LM (astigmatic) data. For this
to work, we would need to automatically correct for deviations in the coincident
alignment or update the alignment regularly, but this requires more work to be done.

Moreover, an intriguing prospect would be to extend this concept towards cryo-
genic super resolution microscopy correlated with both SEM and FIB. Potentially, this
could also allow for super resolution FM imaging after polishing the lamella, ulti-
mately combining at the single protein level high resolution biological information
with the structural data obtained from TEM.

2.8 CONCLUSION

We have developed a coincident 3 beam microscope for the cryo-ET workflow which
allows direct light microscopy targeted lamella fabrication, without the need for
repositioning or fiducial markers. The fluorescence signal intensity from the lamella
can be monitored whilst milling making sure that the target remains intact. Any
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misalignment can be directly observed and corrected. The 5-channel inverted epi-
fluorescent light microscope is diffraction limited in wide field imaging with an NA
up to 0.85. Astigmatic point spread function shaping is achieved through the use of a
Stokes variable power cross-cylinder lens set. This allows positioning of the sample
for targeted milling with errors as small as 25 nm in XY and 90 nm in Z. The system
utilises a novel, liquid nitrogen free cooler design having low levels of vibrations,
drift, and an up time of more than nine hours. The entire cryogenic fluorescence
microscope can be integrated into a regular FIB-SEM, effectively converting it into a
cryo-LM-FIB-SEM, making it possible to add in-sifu fluorescence targeted milling in
an established cryo-ET workflow.

Our approach allows for a live, reflection and/or fluorescence image feed while
milling takes place. This opens the additional possibility of an automated milling
procedure in which the fluorescent feature of interest is with certainty inside the
lamella, before the sample is transferred to the TEM.
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DEPTH-DEPENDENT SCALING OF AXIALDISTANCES IN
LIGHT MICROSCOPY

When fabricating frozen-hydrated lamellae for cryogenic electron tomography, pre-
cise targeting and milling are critical. When targeting inside a frozen cell through
cryogenic fluorescence microscopy, a mismatch in refractive indices is unavoidable,
leading to axial deformation in the acquired images. Over the years, various scaling
factors have been proposed to correct this deformation, but none have accounted for
depth-dependent, non-linear scaling. An analytical theory is presented to address
this, by determining the leading constructive interference band in the objective lens
pupil under refractive index mismatch conditions. This theory allows the calcula-
tion of a depth-dependent re-scaling factor based on the numerical aperture, the
refractive indices, and the wavelength. The analytical results are validated through
wave-optics calculations and experimental data obtained using a measurement
scheme for different numerical apertures and refractive index mismatch values.
Multiple datasets under various refractive index mismatch conditions are recorded,
and corrected these using the depth-dependent axial scaling theory. Additionally, an
online tool has been developed that visualizes the depth-dependent axial re-scaling
for specific optical setups. Software to help microscopists accurately re-scale the ax-
ial dimension in their imaging data when working under refractive index mismatch
conditions, is also provided.

3.1 INTRODUCTION

Optical sectioning has enabled imaging of large volumes by FM, as realized in con-
focal, two-photon microscopy (Pawley, 2006), structured illumination microscopy
(SIM) (Saxena et al., 2015) and light sheet microscopy (Stelzer et al., 2021). For op-
timal imaging, aberrations need to be minimized by avoiding a RIM between the
detection microscope objective immersion medium »; and specimen n, (Pawley,
2006). Failing to do so results in the blurring of the PSF of the microscope and there-
fore a loss in resolving power, as well as in a deformation of the recorded volume
along the optical axis.

This axial deformation arises from the refraction of the peripheral rays on the RIM
interface, causing an axial shift of their focal point with respect to the focal point
of the paraxial rays (Diel et al., 2020). This effect can be characterized using focal
shift A f = AFP — NFP, where AFP is the actual focal position (the real position of the

This chapter has been published as: LoginovT and Boltje* etal. (2024). “Depth-dependent scaling of axial
distances in light microscopy.” In: Optica, pp. 553-568.
T These authors contributed equally to this work.
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object) and NFP is the apparent or nominal focal position (the microscope z-position
where the object is found in focus) (Pawley, 2006). Just as the true lateral distances
are recalculated back from an image using the magnification of the objective M, so
ought the actual focal positions (AFPs) (i.e. the true axial distances) to be re-scaled
using the re-scaling factor { = AFP/NFP. The accurate knowledge of the re-scaling
factor enables reliable quantitative volumetric microscopy.

While it is generally unfavorable to have a refractive index mismatch, for e.g. illu-
mination intensities in confocal microscopy, there are common imaging scenarios
in which a mismatch is still present in the most optimal configuration (Diel et al.,
2020; Pawley, 2006). For instance, as the resolving power of the microscope depends
on the NA of the detection objective, high-NA oil immersion objectives (n; = 1.52) are
used to image water-like specimens (n, = 1.33). In addition, embedding and fixation
media rarely match exactly, in terms of refractive index, the immersion media of
air, water, silicone, glycerol or oil objectives, leading to the axial deformation of the
imaged volumes.

Refractive index mismatches are often more pronounced in integrated cryogenic
fluorescence and/or correlative microscopy (Ando et al., 2018; De Boer et al., 2015;
Kaufmann et al., 2014; Wolff, Hagen, et al., 2016). In such systems, light and elec-
tron microscopy are combined in a single setup, and air objectives are often used
for imaging specimens with a higher refractive index. The use of air objectives is
a straight-forward choice, as the specimen resides in a vacuum chamber for elec-
tron microscopy. In cryogenic fluorescence microscopy the specimen is cooled to
temperatures below 120 K, which makes the use of a non-touching air objective
favorable, as any other (touching) immersion objectives are challenging in terms of
engineering (Daan B Boltje, Hoogenboom, Jakobi, Jensen, Jonker, Kaag, Koster, Last,
Agrela Pinto, J. M. Plitzko, et al., 2022; Gorelick et al., 2019; S. Li et al., 2023; W. Li
etal., 2023).

The development of the confocal microscope, along with its optical sectioning
capability, allowed for 3D imaging, and hence the need for axial scaling theories arose.
In the paraxial approximation, the axial distances are simply re-scaled using the ratio
of the two refractive indices (Carlsson, 1991), which works well for low NA objectives.
Visser et al. presented a scaling theory which is based on the contribution of the high-
angle (or marginal) rays to the axial scaling (Visser et al., 1996). More recently, several
scaling theories have been presented, which result in re-scaling factors somewhere
in between the paraxial and high-angle approximations (Diel et al., 2020; Lyakin
et al., 2017; Stallinga, 2005). The most accurate method to determine axial scaling
are full wave-optics calculations of the microscope’s point spread function under
RIM (Egner et al., 2006; Hell et al., 1993; Sheppard et al., 1997). As these calculations
are computationally expensive and complex, they are hardly used by microscopists
to calculate the axial re-scaling factor.

The re-scaling factor can also be measured experimentally by observing the
nominal focal position (NFP) of a fluorescent bead or interface through a medium
with refractive index n,, whilst knowing the AFP of said bead or interface. This can
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be done by constructing a sample cell where the fluorescence is present far from
the coverslip, which is later filled with a liquid with n, (Besseling et al., 2015; Diel
et al., 2020; Grauw et al., 1999). The AFP can be obtained through imaging with an
objective where n; = n, (Besseling et al., 2015; Diel et al., 2020; Grauw et al., 1999) or
by measuring Fabry-Pérot fringes in the transmission spectrum of the cell (Besseling
etal., 2015). Alternatively, the apparent axial deformation of a spherical object, larger
than the PSF of the microscope, can be used to measure the axial scaling (Diaspro
etal., 2002; Visser et al., 1996). Recently, a different approach was presented where a
coverslip was step-wise coated with a low-index polymer (7, = 1.33) and the AFP was
measured using stylus profilometry (Petrov et al., 2020). With this method, the axial
scaling can be measured in the range of a few microns from the coverslip, while the
former methods are used to measure tens of microns away from the coverslip.

While the explicit axial scaling theories in literature are all depth-independent,
there exist some reports in literature that this factor is actually depth-dependent.
In 1993, Hell et al. wrote “..it can be expected that the regions close to the cover glass
are slightly more scaled than those in deeper regions of the specimen.” (Hell et al.,
1993). Later, wave-optics calculations showed a non-linear dependence of the focal
shift A f on the imaging depth for high-NA objectives and large RIMs (Egner et al.,
2006; Sheppard et al., 1997). For instance, Sheppard and Tor6k reported a non-linear
dependence of the focal shift A f at a depth <30 pm from the coverslip using wave-
optics calculations (NA = 1.3, n; = 1.52, ny = 1.33) (Sheppard et al., 1997), where
the re-scaling factor was 5% larger close to the coverslip than at large distances.
More recently, the measurements by Petrov et al. showed significant non-linear axial
scaling for imaging depths < 4um (Petrov et al., 2020).

There is, up to now, no straightforward equation which can be used to explicitly
calculate the re-scaling factor as a function of depth. Moreover, a depth-dependence
of the re-scaling factor has not been measured experimentally for large depths, and
for several NAs and multiple RIM conditions.

Here, we present an analytical theory which calculates the depth-dependent re-
scaling factor as a function of the NA, the refractive indices n; and ny, and the
wavelength A. The gist of the theory is in the determination of the leading construc-
tive interference band in the objective lens’ pupil under RIM. We compare the theory
to both full wave-optics calculations and experiments. In the experiments, we have
imaged the gap between two substrates that were brought closer to each other step
by step. By filling the space between the substrates with a liquid with index n, we
were able to measure the NFP, while the AFP was determined independently from
the microscope by the piezo-stage holding the top substrate. We have measured
the re-scaling factor { for several objectives with various NAs, immersion refractive
index n;, and sample refractive index n,, with both RIMs where n; < ny and n; > ny
in a wide range of depths and compared them to the analytical theory and the wave-
optics calculations. We demonstrate that the axial re-scaling of 3D microscopy data,
recorded with a refractive index mismatch, using the depth-dependent re-scaling
factor outperforms the re-scaling using existing linear re-scaling theories from lit-
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(d)

Figure 3.1: The effects of RIM demonstrated with geometrical optics. (a) An OL imaging a fluorescent
object (green star) with- and without refractive index mismatch, left and right respectively. The dotted
boxes are detailed out in panels b through d. (b) A fluorescent object (green star) sits z4 = 10pm deep
from the refractive index interface (dotted line) between n] and ny. With ny = np = 1.0, rays (black) and
wave-fronts (blue) are depicted. (c) In the case where n1 = 1.0, n2 = 1.33 the ideal spherical wave-fronts
(dashed blue) are deformed (solid blue) after crossing the refractive index (RI) interface. Rays are depicted
in red to indicate RIM and the caustical surface (purple) shows where geometrical optics breaks down. (d)
In the opposite RIM case, where n = 1.52, np = 1.33, again the wave-fronts are deformed under RIM and
total internal reflection occurs. The NA is 0.95 (b, ¢) and 1.4 (d).

erature. Finally, we provide the reader with an online web applet where one can
visualize the depth-dependent axial re-scaling factor for their specific optical setup
and PYTHON software to re-scale data acquired under RIM.

3.2 SCALING OF AXIAL DISTANCES DUE TO REFRACTIVE INDEX MISMATCH
Geometrical optics

Given a fluorescent object emitting light in an ideal, spherical fashion, a flat interface
with a refractive index mismatch will cause disturbance to the fluorescent light
propagation — in the form of refraction. When an objective lens is collecting light
under RIMV, this effect will be more pronounced with increasing NA of the OL (and
therefore collection angle), see Figure 3.1a for the overall geometry.

This is further illustrated using geometrical optics in Figure 3.1b through d, where
a light source is located 10 um away from the interface between n; and n;,. In Fig-
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ure 3.1b no RIM is present (n; = ny = 1.0), where the undisturbed wave-fronts and
rays are shown in solid blue and black respectively. The dotted horizontal line de-
picts the interface with the RIM. Figure 3.1c and d show two cases where RIMs are
present respectively for n; < ny and n; > ny. The black rays follow Snell’s law when
crossing the interface, resulting in the wave-fronts (solid blue) deviating from the
ideal spherical shape (dashed blue). The caustic surface (purple) indicates where
geometrical optics breaks down. From this simple illustration, we see that the effect
of RIM becomes more pronounced with increasing collection angles (numerical
aperture) and increasing RIM contrast An = |ny — ny|.

When imaging with a microscope, there are two (independent) axial coordinates
to be considered: the actual depth of the fluorescent emitter z4, as measured from
the RIM interface (z4 = 10pum in Figure 3.1) and the nominal depth of the focal plane
of the microscope into the sample zy. A 3D image stack recorded with a microscope
under RIM has zy as an axial coordinate. Similar to using the magnification M to
re-calculate the true lateral dimensions, the axial coordinates should be re-scaled
using the re-scaling factor { = z4/zy to obtain a 3D stack with the actual depth z4
as an axial coordinate.

Geometrical optics can produce several estimates for the re-scaling factor . The
paraxial rays are nicely focused, even under RIM, producing the estimate (Carlsson,
1991):

(paraxial =ny/ny. (3.1)

Another geometrical optics estimate comes from Visser et al., obtained from the
marginal rays still fitting into the NA (Visser et al., 1996):

(n5 —NA?)

— 3.2
(n? —NA?) 32

¢ marginal =

The two re-scaling factor values {paraxial and {marginal are irreconcilable in a modern
high-performance objective lenses (with NA — 0.95 x n;). For the example shown in
Figure 3.1¢, {paraxial = 1.33 and {marginal = 2.98, whilst for Figure 3.1d {paraxial = 0.88
and (marginal — 0. Although these estimates are derived from geometrical optics,
Cparaxial aNd Cmarginal do provide lower and upper bounds when n; < n; (reverse
when n; > ny) and are still useful checks in the wave-optics treatment.

Analytical expression describing depth-dependent axial scaling

When considering the PSF of a wide-field microscope under RIM two intrinsic length
scales need to be considered: (i) several strictly geometrical parameters n;, ny,
za, ZN, & NA, and (ii) the physical parameter of the (vacuum) wavelength of light
used A = 27/ k which is independent from the exact RIM geometry, where k is the
wave number. With changing imaging depth, the geometrical parameters z4, zy do
change, while the wavelength of light A does not. Following the derivation outlined
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below, we find it is exactly the interplay between the two length scales that yields a
depth-dependent re-scaling factor:

(= min(Cuniv, Cerit],  if n2 =1y (3.3)

max[{univ, {crit), otherwise
with
(1-€)+1 VeR—e)

Cuniv =22 x 7
n )
L1(32) e@-o)
ny—/n?-NA?
Cerit =Re — s
l’lg—y/l’lz—NA
2 _ 2 _ 52
m = nz nl,
A4 +1, ifny=m
€ = X
ZAND

—1, otherwise

where ( is the axial re-scaling factor ({ = z4/zy), 11 is the immersion refractive index,
ny the sample refractive index, A the wavelength (in vacuum), z4 the actual depth
of the imaged object and NA the numerical aperture. The re-scaling factor { is a
combination of the depth-dependent and NA-independent { iy which approaches
the paraxial limit (paraxia for large depths, and the depth-independent and NA-
dependent (i at shallow depths. (it becomes relevant at such shallow depths
where the assumptions used to derive {yniy breakdown.

Derivation of analytical theory through wave-optics

With geometrical optics ambiguous in defining the re-scaling factor { we have to
turn to wave-optics.! The most complete wave-optics theory describing aberrations
occurring under RIM was developed by Hell et al. (Hell et al., 1993). Wave-optics
provides a clear prediction of the behavior of a microscope imaging under RIM. A
scalar (radially symmetric) PSF of a wide-field microscope under RIM is an integral
over Bessel-beams:

2
PSF(x,y,24,2n) = UA(Q) x Jo(rk,) x ¢ *@singdo| | (3.4)

where the PSF is dependent on both the actual depth z4 and on the nominal depth zy;,
as an image with intensities I(x, y, zy) is a convolution of fluorophore distribution
f(x,y,z4) and the PSF(x, y, z4, zn). For a given depth z 4 of a fluorescent object there
is a focal plane depth zx(z4) where the PSF is maximal (i.e. the object is in focus),
and {(z4) = za/zn(z4). Under RIM, the two intrinsic length scales mentioned above

1 This is the gist of the full derivation found in Loginov et al. (2024)
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play a role. These two length scales are fused together in Equation 3.4 via the phase
function ®(0):

(O) = k(0) x 24— k(6) x zn, 3.5)

where k; and &, are the axial wave-numbers of the Bessel beams, respectively for a
matched case and one undergoing RIM. With changing imaging depth, the geometri-
cal parameters also change (e.g. the path length difference between the paraxial and
the marginal rays). Reversely, the wavelength of light does not depend on the depth,
and so it is the interplay between geometrical and physical length scales that results
in a depth-dependent re-scaling factor {(z,4) # const.

The maxima positions of Equation 3.4 can be estimated by finding the stationary
points 8* where d®/d6f =0 (Loginov et al., 2024; Stamnes, 2002). There is always a
stationary point at 8 = 0, and a stationary point might appear for a single non-zero
0. For a given z4 and zy;, there is an interference between the contributions from
the two critical points (¢/®© and ¢®®")) which controls the shape of the PSF. And
when the interference is the most constructive — then the object appears in focus.
The stationary phase points of the simplified version of Equation 3.4 correspond to
the rays of geometrical optics (Keller, 1962; Stamnes, 2002; Wolf, 1959). Hence, the
re-scaling factor must fall within the bounds set by {paraxial and {marginal- Contrary to
the purely geometrical optics approach, we have now two contributions to balance:
the paraxial one ¢/®© and the intermediate one el PO

Their relative strengths depend on the width of the stationary points of ®, and
hence on the second derivative of ® (Loginov et al., 2024). Instead of finding the
exact weight of each contribution, we study how the phase function ®(8) behaves
in several focal positions zxn(z4), which can be determined by full vectorial PSF
calculations. In doing so the following condition is set when deriving an explicit
formula for ¢:

7
DO") - @(0) = Y (3.6)

where a fixed —7/2 separation is assumed, as if the two stationary points constitute
a single and uninterrupted constructive interference area when the microscope is in
focus. With this approximate condition, Snell’s law, and the Ewalds’ spheres scaling,
an explicit formula for { can be derived (Loginov et al., 2024).

Re-scaling microscopy data

When re-scaling microscopy data from the native zy coordinate into the true depth
coordinate z,, it is convenient to use the re-scaling factor as a function of the nomi-
nal depth zy instead of the actual depth z4. In this case, a different dimensionless
parameter 6 can be used for the derivation:

Al4
6= ,
nizn

(3.7
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and:
m\/{2=1=ny{ —n1(1+0),

222010+ Ey2raser?=o,
n n

yielding the re-scaling factor as a function of zy:

{(zn) =2 x(1+8)+-V/6(2+6). (3.8)

3.3 METHODS
Wave-optics calculations

The computations of the integrals were performed through a MATLAB script produc-
ing 2D PSF cross-sections (r x zy, 10 x 20 um) on a N? = 2048 x 2048 pixel grid from
M = 2000 Bessel-beam components, specifics can be found in (Loginov et al., 2024).
To minimize the number of Bessel function invocations, each of the integrals I; was
represented as a double matrix product:
I= ]INXN y Afy[xM « EM*N.

where JV*N is the matrix containing the Bessel function, AM*M is the diagonal
matrix created from all the position independent factors and EM*V is the matrix
containing the zy dependent phase change of M Bessel-beams.

For every RIM condition, a series of 2D PSF cross-sections (lateral x axial, XZ planes)
was generated with the actual depth z4 changing from 0.2 to 5um with a step of
0.2um. Step sizes of 0.5pum and 1.0 um were used respectively from 5.5 to 25 um
and from 26 to 150 um. The axial center of the calculated PSF frame was shifted
with the actual depth z4 using the paraxial scaling factor Z?v = za(n1/ny). In the
lateral center of each frame, the Z profile was extracted and passed through a But-
terworth low-pass filter (5™ order, sampling and critical frequencies f; =0.1nm™",
fe=0.003nm™!) to remove high frequency ringing oscillations. The axial focal po-
sition zy, was determined by taking the maximum of the filtered profile and the
re-scaling factor was computed as { = z4/zy,.

Axial scaling measurements

We measured the depth-dependent axial scaling using a fluorescence microscope
setup described earlier (Daan B Boltje, Hoogenboom, Jakobi, Jensen, Jonker, Kaag,
Koster, Last, Agrela Pinto, J. M. Plitzko, et al., 2022), for different refractive index
mismatches and numerical apertures, as listed in Table 3.1 (CC for correction collar).
A schematic of the measurement scheme is shown in Figure 3.2a, where a sapphire
ball (BA, Ceratec, 2 mm diameter, grade 10) is separated from a coverslip (CS, Thor-
labs #CG15CH2, 22 x 22 mm, #1.5H thickness). The sapphire ball was glued to a
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Table 3.1: Overview of microscope objectives and refractive indices in the measurements.

NA Nikon # M Pixel size [nm] FOV [um] CC n no
0.70 MRHO08630 60 x 108.3 110.9 Yes 1.0 1.0
| | | | | | 1.0 1.34
| | | | | | 1.0 1.52
0.85 MUE35900 100 x 65 133.12 Yes 1.0 1.0
| | | | | | 1.0 1.34
| | | | | | 1.0 1.52
0.95 MRDO00605 60 x 108.3 110.9 Yes 1.0 1.0
| | | | | | 1.0 1.34
| | | | | | 1.0 1.52
1.25 MRD77400 40 x 162.5 166.4 No 1.34 1.34
1.40 MRDO01901 100 x 65 133.12 No 1.52 1.52
| | | | | | 1.52 1.34
| | | | | | 1.52 1.0

glass strip (GS) with a small droplet of UV curable glue (Norland Optical Adhesive
63). Fluorescent beads (FB, diameter 190 nm, excitation 480 nm, emission 520 nm,
Bangs Labs #FSDG002) were dropcasted on the coverslip using a micropipette. Both
surfaces were cleaned with acetone, isopropyl alcohol and dried with nitrogen. The
glued sapphire ball was dipped in the solution and dried three times to apply the
beads to the surface. Beads on both surfaces were imaged by acquiring a z-stack with
the fluorescence microscope using an excitation wavelength of 485 nm (Lumencor
SPECTRA X), dichroic mirror (Semrock #FF410/504/582/669-Di01-25x36) and an
emission filter (Semrock #FF01-525/30-25). The objective lens was mounted upright
and was moved by stick-slip piezo positioners (SmarAct GmbH) in X, Y and Z. The
correction collar setting of the OL was optimized to minimize spherical aberrations
when imaging beads on the coverslip. The glass strip with sapphire ball was mounted
to the sample shuttle holder (SSH), Figure 3.2b. This holder was moved by piezo po-
sitioners, and hence the distance between the coverslip and the ball was controlled.
Details on the positioning systems can be found in (Daan B Boltje, Hoogenboom,
Jakobi, Jensen, Jonker, Kaag, Koster, Last, Agrela Pinto, J. M. Plitzko, et al., 2022).
We used different objective lenses, but all were compatible with the Nikon CFI60
optical system, and were used together with a 200 mm tube lens (Nikon #MXA20696).
Care was taken to center the pupil of the objective lens to the center of the tube
lens, after which the objective lens was solely moved along the optical axis. With
the distance between ball and coverslip set, a z-stack was acquired by moving the
objective lens. In Figure 3.2c the maximum intensity projection along Y is shown
for such a z-stack, where the fluorescent beads were imaged using a 100x, 0.85
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Figure 3.2: The experimental setup, and data analysis procedure, used to measure depth-dependent axial
scaling. (a) Schematic showing the movable optical objective lens (OL) and sapphire ball (BA) at opposite
sides of the static coverslip (CS), with fluorescent beads (FB) on their surfaces. (b) Photograph showing
the objective lens (OL), coverslip (CS) and sapphire ball (BA). The ball is glued to a glass strip (GS), which
is mounted to the sample shuttle holder (SSH). Scale bar 3 mm. (c) Maximum intensity projection along
the Y axis of a recorded z-stack where n; = np = 1.0. The bottom fluorescent signal originates from
beads residing on the coverslip, and the signal at the top from beads on the sapphire ball, shown by the
visible curvature. (d) Schematic showing three different distances between ball and coverslip, going from
clear separation (I) to contact (II) and deformation of the coverslip (III). The dashed lines indicate the
position of both ball (red) and coverslip (black). (e) The position of the coverslip and ball versus the set
ball-coverslip distance zg (top) and the same data near the coverslip (bottom). (f) The landing curve (in
zpy coordinates), plotted against the set depth zg (top). The fit values from a piecewise linear fit are used
to determine the contact point between ball and coverslip, and this yields the observed focal depth zx
versus the actual depth z 4 from which the re-scaling factor { = z4/zp was calculated (bottom).
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NA objective (Nikon #MUE35900) in the absence of a refractive index mismatch
(n1 = np = 1.0). The bottom fluorescent signal originates from fluorescent beads
residing on the coverslip. The signal at the top comes from the beads on the sapphire
ball, as recognized by the visible curvature.

The AFP was varied by changing the distance between ball and coverslip, and the
contact point between them was first approximately set by having both the fluores-
cent beads on the coverslip and bottom side of the ball in focus of the microscope.
Next, the starting AFP (z4, typically around 100 um) was set by moving the ball away
from the coverslip and the AFP was reduced step by step (see Figure 3.2d, I through
III). At each set depth z 4, a z-stack is recorded around the coverslip and ball sepa-
rately (by moving the objective lens, —4 to 8 um and —8 to 8 um respectively, both
with a step size of 0.25 um). To ensure the second z-stack was acquired around the
beads on the surface of the ball, we used {marginal and {paraxial €stimates for < 20pm
and, > 20pm respectively. At the end of the measurement sequence the ball was
forced into contact with the coverslip, slightly deforming it by setting negative values
of AFP on purpose (to about —2 um), see Figure 3.2d, III.

The 3D positions of all fluorescent beads in the recorded z-stack were acquired
using the PSF Extractor software (Daan B Boltje, Hoogenboom, Jakobi, Jensen, Jonker,
Kaag, Koster, Last, Agrela Pinto, J. M. Plitzko, et al., 2022; Daan Benjamin Boltje et al.,
2022) and the X, Y and Z locations of all fluorescent beads were extracted. From
these, the position of the coverslip z¢cs was determined by taking the median of
the z positions of the beads on the cover slip and a least squares paraboloid fit on
the coordinates of the beads residing on the ball surface was used to determine the
lowest point of the ball zg. These z positions are plotted against the set depth zg
in Figure 3.2e for the ball (black) and coverslip (red). Around 5.5 pm the ball and
coverslip make contact, effectively deforming the coverslip at lower set depths. The
coverslip position was subtracted from the lowest point of the ball (zy = zp — z¢s)
and plotted against (zg), see Figure 3.2f (top). A piece wise linear function of the
form

ZNO, if zg < zgp
zn(zs) =

zno + (zs — zsg)/m, otherwise

is used to determine the offset zyo between coverslip and ball, the inflection point
zgo and the slope of the curve m. The fit is performed using a Levenberg-Marquardt
non-linear least squares algorithm. We fit the data from —2 to 20 um around the
inflection point, and pass the measured values to the uncertainty parameter sigma
in SCIPY.OPTIMIZE.CURVE_FIT (Virtanen et al., 2020). This artificially increases the
uncertainty with increasing depth, and ensures that the inflection point can be
found reproducibly for all datasets. The fit values are used to calculate the AFP for
each set depth z4 = zs — zng + mzsg . The result is shown in Figure 3.2f (bottom),
where the observed nominal depth zy versus the actual depth z4 is plotted, from
which the re-scaling factor ({ = z4/zn) was computed.
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Re-scaling of 3D microscopy data

To demonstrate and test the re-scaling of 3D microscopy data, we recorded z-stacks
of fluorescent beads embedded in an agarose hydrogel for n; < ny, n; = np and
nj > ny, where the n; = ny case serves as a ground truth for the re-scaling of the
mismatched cases. To prepare the sample, we first coated a cover slip with fluores-
cent beads (190 nm, excitation 480 nm, emission 520 nm, Bangs Labs #FSDG002) by
dropcasting from isopropyl alcohol (IPA). Next, an agarose gel was prepared (2w%)
by mixing Milli-Q water and agarose (Low EEQ, Fisher Scientific) and heating to
boil in a microwave. 25 uL of the same beads in IPA were added to 225 mL agarose
gel while warm. The mixture was pipetted into a glass sample cell composed of a
microscope slide to which two small pieces of microscope slide as spacers were
glued (using Norland 81 optical adhesive) roughly 0.5 cm apart, on top of which a
#1.5 cover slip (180 um thickness) was glued. After filling the cell with the agarose
gel containing the beads, the cell was sealed with optical adhesive. After each gluing
step, the sample was cured by exposure to UV light (~350 nm) for 90 s, and during
the last curing step the beads were protected using a piece of aluminum foil.

Confocal z-stacks of the same volume were repeatedly recorded with different
objectives using a Nikon C2-SHS C2si confocal on a Nikon Eclipse Ti inverted micro-
scope with a 488 nm excitation laser. If the microscope objective had a correction
collar, we optimized its position to minimize spherical aberrations while inspecting
beads on the cover slip before the recording of the z-stack. We used the following pro-
cedure to record the z-stacks (with a 500 nm z step size). On the back of the sample
(i.e. the side of the microscope slide) a spot was drawn using a felt marker. We then
imaged this spot in bright field using a 10x /0.4 NA air objective and chose a reference
feature in this spot to find back the same position in the sample. Next, we switched
to the 100x /1.4 NA oil objective, and recorded a confocal z-stack including the cover
slip interface. We then removed the immersion liquid from the sample, and found
the same position again using the 10x/0.4 air objective. At this position, we again
recorded a z-stack, but now with the 100x/0.85 NA air objective. Finally, we recorded
at the same position a (ground truth) z-stack using a 40x/1.25 NA water objective.
For single bead comparison, we cropped volumes in the three stacks comprising the
same beads in the ground truth (water immersion) stack and the axially deformed
stacks (air, oil immersion). We determined the cover-slip-to-sample interface as
the intensity peak of the beads deposited on the cover slip and cropped the z-stack
above the cover slip.

Re-scaling of the data was done either using the linear theories (Carlsson, 1991;
Diel et al., 2020; Lyakin et al., 2017; Stallinga, 2005) where the voxel size in z was
simply corrected, or using the depth-dependent re-scaling. For the latter, the AFP
of each slide in the stack was calculated using equation 3.8, with the Lyakin scaling
factor as the critical value. Next, a linear z-stack was generated with a z step size
corresponding to the original stack and a range corresponding to the final AFP. The
intensities in this z-stack were interpolated (using inverse distance weighting) from
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Figure 3.3: Axial re-scaling factor { versus AFP for different NAs and RIM contrasts, obtained through
analytical expression Equation 3.3 (colored solid) and as calculated using wave-optics (colored dashed).
For each NA the re-scaling factor as calculated by Lyakin et al. is included as a black solid line (Lyakin
etal., 2017). (a) ¢ as a function of AFP for NAs of 0.95, 0.85 and 0.70 at n; = 1.0 and np = 1.33. (b) { as a
function of AFP for an NA of 1.4 at n; = 1.52 and np = 1.33.

the two nearest slices in the (non-linear) AFP z-stack. A Jupyter Notebook to perform
the linear and non-linear re-scaling is available at (Wee et al., 2023).

Refractive index measurements

The refractive indices of the immersion oils used in this study were measured using
an Abbe refractometer (Atago 3T). The indices were measured at T = 25 °C and at
awavelength Ap =589.3 nm. Using a measured dispersion value, the indices were
converted using Cauchy’s relation to A = 520 nm (Jenkins, 1976). This resulted in
the following refractive indices: ”ggo = 1.5197 (Type DF immersion oil, Cargille) and
nggo = 1.3421 (Immersol™ W 2010 immersion oil, Zeiss).

3.4 VALIDATION THROUGH WAVE-OPTICS CALCULATIONS

We first validate the derived analytical expression, by comparing it to wave-optics
calculations, performed as described in Section 3.3. This is shown in Figure 3.3a and
b respectively for RIM contrasts of n; = 1.0 — np = 1.33 and n; = 1.52 — np = 1.33.
The axial re-scaling factor ( is plotted versus depth, as obtained through analytical
expression Equation 3.3 (colored solid) and as calculated using wave-optics (colored
dashed).

For n < ny (Figure 3.3a) the re-scaling factor increases at shallow depths, where
the re-scaling (constant) maximum is determined by the numerical aperture of the
optical system (i.e. the z4-independent value of (). At increasing depths it levels
towards the n,/n; limit, following the universal (i.e. NA-independent) curve {ypiy-
The wave-optics calculations deviate from the analytical expression due to some
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oscillations remaining after data processing of the computed 2D PSFs. Despite this,
they follow the general trend in the NA-independent regime ({ynjy in Equation 3.3)
for the different NAs plotted. At shallow depths, the plateau from the analytical
expression ({¢¢ in Equation 3.3) is reproduced by the wave-optics calculations,
though the exact re-scaling factor value fits between the analytical expression and
the re-scaling factor as calculated by Lyakin et al. (Lyakin et al., 2017).

In the case of n; > n, (Figure 3.3b) the re-scaling factor as given by Equation 3.3,
decreases at shallow depths, also reaching a plateau value determined by the numer-
ical aperture. For this RIM contrast the plateau is very small, yielding a fast changing
re-scaling factor in the first 10 um after the refractive index interface. Imaging deeper,
the re-scaling factor again levels towards the n,/n; limit. The wave-optics calcula-
tions show less extreme axial scaling at shallow depths, while we find good agreement
for depths > 15pm.

3.5 VALIDATION THROUGH EXPERIMENTS

Five different objective lenses are used to measure depth-dependent axial re-scaling
factors as explained in Section 3.3, varying in numerical aperture, immersion re-
fractive index n; and magnification. Immersol”™ W 2010 immersion oil (Zeiss,
n25, = 1.3421) and Type DF immersion oil (Cargille, n25 = 1.5197) were used in
experiments. We will first discuss two cases in detail below, n; = 1.0 — n = 1.34 for
a NA of 0.85 and n; = 1.52 — ny = 1.34 for a NA of 1.4. For the other cases listed in
Table 3.1, figures are presented in Supplement 1 and will be discussed afterwards.

NA=0.85n;=1.0,n,=134

In Figure 3.4, the axial re-scaling factor ( is plotted against the actual depth z,4. The
measurements (solid blue dots) are plotted alongside the wave-optics calculations
(dashed blue lines), analytical solution (solid black lines) and literature theories
(solid colored lines). From our individual sets of measurement data, the mean (solid
black dots) is computed by binning along z,4, plotted in the center of each bin (bin
sizes of 1 and 10 um respectively for 0 to 10 um and 10 to 100 pm). We estimate an
upper error limit of (100nm/zy +100nm/z4) {, in determining the various z posi-
tions, composed of errors from: (i) positioning of the piezo stages, (ii) determining
the position of ball and coverslip by fluorescent bead localization, and (iii) fitting
uncertainties in the landing curve. The total measured error for the re-scaling factor
(shaded blue area) is the sum of the rolling standard deviation of the measurements
and the upper error limit. It increases significantly at shallow depths, which is con-
firmed by acquiring data without RIM present, and applying the same data analysis
as shown in Figures S4 and S10.

Results are shown for a RIM contrast of n; = 1.0 — ny = 1.34 in Figure 3.4, where
the uncertainty in the measurement data increases at shallow depths, while at
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Figure 3.4: Axial re-scaling factor { versus AFP for an NA of 0.85, imaging under a RIM contrast of nj =
1.0 — np = 1.34. Measurement data (solid blue dots) are plotted alongside the wave-optics calculations
(dashed blue lines), analytical solution (solid black lines, Equation 3.3) and depth-independent theories
(solid lines). Two sets of measurement data are plotted individually and from this data the mean (solid
black dots) is computed by binning along z 4, plotted in the center of each bin (bin sizes of 1 and 10 um
respectively for 0 to 10 um and 10 to 100 um). The measurement error (shaded blue area) is the sum of
the measurements standard deviation and an estimated upper error limit.
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larger depths the measurements capture the decay of the re-scaling factor but are
slightly higher than the wave-optics calculations and analytical theory. Although
we have taken care to align the optical system, we do expect some misalignment
and/or residual optical aberrations to be the cause of this deviation. Especially,
residual spherical aberration induced by a non-perfect correction collar setting
could influence the measurements.

Looking at the exact value of the plateau at shallow depths, the analytical ex-
pression overestimates the re-scaling factor compared with the measurements and
wave-optics calculations. In fact, both re-scaling factors from Lyakin and Stallinga
give better agreement with the measured data (Lyakin et al., 2017; Stallinga, 2005)
and in practical terms seems to provide a better value for (. At extreme depths of
z4 = 10mm the depth-dependent re-scaling factor approaches the ny/n; = 1.34 limit
set by Carlsson et al. (not shown in Figure 3.4) (Carlsson, 1991). At more realistic imag-
ing depths of 100 um, the median from Diel coincides with the depth-dependent
re-scaling factor and their mean gives a good agreement at z4 = 40pum.

NA=14,n,=1.52,n,=134

In Figure 3.5, the axial re-scaling factor ( is plotted against the actual depth z4. We
find good agreement between measurement data and the analytical theory when
imaging under a RIM contrast of n; = 1.52 — ny = 1.34, as show in Figure 3.5. The
measurements presented agree with the analytical theory and only start to drop
more at shallow depths (< 4pm). The relative error when approaching z4 = 0 in-
creases for z4 and zy as the error in both is affected by determining the point at
which the sapphire ball touches the coverslip. We have also included re-scaling
factors as measured by Petrov et al. where they use a method with a much smaller
measurement errors (see also inset) (Petrov et al., 2020). Combining the measure-
ment data from Petrov at shallow depths, and our own measurements data at larger
depths, we find very good agreement with the analytical theory presented. Although
the analytical expression provides a plateau for the re-scaling factor {j; = 0.64, this
is not reproduced in the measurement data from Petrov.

Our wave-optics calculations also match the analytical theory at larger depths,
but deviate below z4 = 4um. At the same time, they do overlap with wave-optics
calculations from Egner & Hell (Egner et al., 2006). At these shallow depths, an offset
of a few tens of nanometers in the NFP has a dramatic effect on the re-scaling factor
and hence super-critical angle fluorescence (SAF) effects are significant (Siemons
etal., 2022). Although SAF is not included in the analytical derivation, it is considered
in the wave-optics calculations through the Fresnel transmission coefficients when
using the vector PSF model. The axial deformation is, however, enhanced by SAE
as the NFP shifts <40 nm away from the objective (Siemons et al., 2022). Therefore,
the difference in the re-scaling factor between the wave-optics calculations and
the analytical theory has already been reduced by the incorporation of SAF in the
calculations.
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Figure 3.5: Axial re-scaling factor { versus AFP for an NA of 1.4, imaging under a RIM contrast of n; =
1.52 — np = 1.34. Measurement data (solid blue dots) are plotted alongside the wave-optics calculations
(dashed blue lines), analytical solution (solid black lines, Equation 3.3) and depth-independent theories
(solid lines). Three sets of measurement data are plotted individually and from this data the mean (solid
black dots) is computed by binning along z 4, plotted in the center of each bin (bin sizes of 1 and 10 pm
respectively for 0 to 10 pm and 10 to 100 um). The measurement error (shaded blue area) is the sum of
the measurements standard deviation and an estimated upper error limit. Measured data and theory as
presented by Petrov et al. and wave-optics calculations from Egner & Hell are included (Egner et al., 2006;

Petrov et al., 2020).
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Up to depths of z4 = 1um, there is a ~250nm difference in the NFP found between
{ = 0.64 (analytical theory) and ¢ = 0.78 (wave-optics calculations). This is too large
to be caused by the chosen method of determining the focal position (i.e. maximum
axial intensity (Egner et al., 2006) vs. minimal lateral width (Petrov et al., 2020)). As
such, we do not have a fitting explanation for the discrepancy between the wave-
optics calculations and the analytical theory along with measurements from Petrov
etal.

Other imaging scenarios

The measurement data for the remaining cases listed in Table 3.1, are shown in
Figures S1 through S11, where the re-scaling factor { is plotted against z 4, alongside
the wave-optics calculations, analytical solution and depth-independent theories.
For each objective lens used we acquired data without a refractive index mismatch
present and applied the same data analysis procedures as for axially scaled mea-
surements (Figures S1, S4, S6, S9, S10). In all cases, the spread in the measurement
data increases below z4 = 10um as uncertainties in determining both z4 and zy
increase. At higher depths, no reproducible deviations away from ¢ = 1.0 are found
in these data, and we note a maximum error of about 2 % in the measurements.
The data shown in Figure S9 is of special interest where we have used a water im-
mersion objective to verify our measurement method and analysis when having
immersion oil (n = 1.34) present between the coverslip and sapphire ball. We find
a mean re-scaling factor of 0.99 + 0.05 (standard deviation) over the entire depth
range, and apart from the increased scatter near z4 = 0, the re-scaling factor remains
approximately constant ({ = 1.0) as a function of depth for each individual dataset.

The objective lens with the lowest numerical aperture which we used in our
measurements had a NA of 0.7, of which the results are presented in Figure S2 and
S3 (n; = 1.0 — np = 1.34 & n; = 1.0 — ny = 1.52). In both cases, the wave-optics
calculations reproduce the analytical expression, while the measurements only
reproduce the general trend for higher RIM contrast of n; = 1.0 — ny = 1.52. In the
case of n; = 1.0 — n, = 1.34, the measurement uncertainties obscure a clear trend in
the measurement data.

The RIM of n; = 1.0 — ny = 1.52 for the 0.85 NA objective lens is shown in Figure S5.
Both the wave-optics calculations and measurement data reproduce the behavior of
the re-scaling factor as predicted by the analytical expression. Comparing against
the measurement data, Lyakin and Stallinga again provide the best critical value
(crit'

In the case of the 0.95 NA air objective (Figures S7 and S8), again the wave-optics
calculations reproduce the analytical expression over the entire depth range. For
the measured data however, the trend of the NA independent regime (yniversal iS
reproduced, but the measurements fail to replicate the strong increase to the plateau
given by (it below z4 = 20um. Along with depth-dependent re-scaling being more
prominently present with increasing N4, so is the sensitivity to any remaining (i.e.
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spherical or tilt) aberrations in the optical setup. We have taken care to minimize
these, but we estimate that residual aberrations lower the effective NA, obscuring
the rise to the plateau in the measurements.

For the 1.4 NA oil immersion objective, we present the RIM case of n; =1.52 — np =
1.0 in Figure S11. Again the general depth-dependent behavior is reproduced in the
measurements, but the re-scaling factor is underestimated at the coverslip while it is
overestimated when imaging deeper into the sample.

3.6 AXIAL RE-SCALING OF 3D MICROSCOPY DATA

To test axial re-scaling of 3D microscopy data using our depth-dependent theory,
we recorded confocal z-stacks of beads suspended in an agarose hydrogel, from the
cover slip to 100 pm depth (zy). These z-stacks were recorded using the 100x/0.85
NA air, 40x /1.25 NA water and 100x /1.4 oil objectives (see Table 3.1). As the refractive
index of the agarose gel (n, = 1.3356 (Fujiwara et al., 2020)) is very close to the
refractive index of the immersion medium of the water objective, we can use these z-
stacks as a ground truth for the axial re-scaling of the data. We recorded the z-stacks
at the exact same location in the sample to allow for direct comparison of the same
beads in different imaging scenarios.

ny <np

The case n; < ny is particularly relevant for cryo-fluorescence microscopy where air
immersion is used to observe a frozen or vitrified sample. Thus, we evaluate a typical
situation with NA = 0.85, n; = 1.0 and n, = 1.336 (Daan B Boltje, Hoogenboom,
Jakobi, Jensen, Jonker, Kaag, Koster, Last, Agrela Pinto, J. M. Plitzko, et al., 2022).
Before re-scaling the data, we quantitatively compare the re-scaling factors of the
depth-dependent and linear theories, as plotted in Figure S12. As we have found
that the theories of Lyakin and Stallinga result in approximately equal re-scaling
factors, we choose to plot only the Lyakin re-scaling factor. As the critical value of the
depth-dependent re-scaling factor, we use the Lyakin re-scaling factor. Therefore,
the depth-dependent re-scaling factor is 1.532 close to the cover slip and falls off to
~1.4 deeper into the sample (see Figure S12a). When plotting the focal shift Af asa
function of depth (AFP) we see that depth-dependent focal shift equals the Lyakin
focal shift close to the cover slip and gradually transitions to the Diel (median) focal
shift at larger depth (see Figure S12b).

To see how significant the difference between the theories is for this imaging
scenario, we plot the absolute and relative difference between the depth-dependent
and linear theories as function of depth (AFP). Figure S12c shows that for Lyakin
the difference is obviously zero near the cover slip, but quickly increases to a large
difference (>1um) after a depth of >25um. On the other hand, Diel (median) differs
significantly (~1 um) at a depth of 20 um, but is the linear theory with the smallest
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relative difference at >50 um depth. Finally, Diel (mean) is in between the other two
linear theories, having a smaller difference close to the cover slip than Diel (median),
and a smaller difference at large depth than Lyakin. Where the relative difference
between the depth-dependent theory and the theories of Lyakin and Diel median
can exceed 5 %, the relative difference for the Diel mean theory is below 3 % (see
Figure S12d).

Figure 3.6 shows the re-scaling of the 3D microscopy data of beads in an agarose
hydrogel with NA = 0.85, n; = 1.0 and n, = 1.336. Overlays are plotted of the re-scaled
z-stacks (grays) and the ground truth z-stack recorded with the water immersion
objective (reds). As n; < ny, the recorded z-stack was stretched in the axial direction
to return to the ground truth axial distances. Deep into the sample (z4 = 90um), Diel
(mean) shows the largest re-scaling error where the z-stack is overstretched, whereas
the depth-dependent and Diel (median) re-scaling collapses onto the ground truth
data, although the PSF is elongated in the axial direction due to spherical aberrations
induced by the refractive index mismatch. Closer to the cover slip (z4 = 20um), both
the depth-dependent and Diel (mean) re-scaling overlap with the ground truth z-
stack, whereas Diel (median) has a slight (absolute) error as the axial distances have
not been stretched enough. This agrees with the re-scaling factors plotted in Figure
S12.

ny > np

The case of n; > n, is relevant for oil immersion observation of samples in water.
Thus, we here evaluate a typical situation with NA = 1.4, n; = 1.52 and n, = 1.336.
We quantitatively compare the re-scaling factors of the depth-dependent and linear
theories in Figure S13. As NA > n,, we cannot use Diel (mean). The depth-dependent
re-scaling factor equals the Lyakin re-scaling factor close to the cover slip, but sur-
passes the Diel (median) at z4 = 30pm. The same trend is seen in the focal shift
Af.In this imaging scenario, the axial positional difference between Lyakin and
the depth-dependent re-scaling theory increases after a few micrometers in depth,
resulting in a significant difference >6 %. While the absolute difference between Diel
(median) and the depth-dependent theory is small close to the cover slip (<1pum)
and ~2pm um at large depths, the relative error is large (~20 %) close to the cover
slip and small at large depths (~2 %).

In Figure 3.7 the re-scaling of the 3D microscopy data is plotted. As n; > ny, the
recorded z-stack was compressed in the axial direction to return to the ground truth
axial distances. At larger depth (z4 = 65um), the depth-dependent re-scaling nicely
coincides with the ground truth, whereas the axial distances in the Diel (median)
re-scaling has been compressed too much (see second row). Closer to the cover slip
(z4 = 15um) the depth-dependent re-scaling again nicely coincides with the ground
truth, but the Diel (median) re-scaling has been compressed too little.
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Figure 3.6: Axial re-scaling of 3D microscopy data with NA = 0.85, n1 = 1.0, np = 1.336 using the
depth-dependent and linear theories. Maximum intensity projections along Y of the (re-scaled)
confocal z-stack of beads embedded in an agarose hydrogel. The stacks have been re-scaled using
the depth-dependent (left), Diel (mean) (middle) and Diel (median) (right) re-scaling factors.
Overlays are plotted of the re-scaled z-stacks (grays) and the ground truth z-stack recorded with
the water immersion objective (reds). The two bottom rows are cut-outs of the upper row, where
the cut-outs at larger depths appear more noisy due to the intensity re-scaling due to fluorescence
intensity loss at large depths. The beads are slightly displaced in X due to imperfections in the
manual overlay of the z-stacks.
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Figure 3.7: Axial re-scaling of 3D microscopy data with NA = 1.4, nj = 1.52, np = 1.336. Maximum
intensity projections along Y of the (re-scaled) confocal z-stack of beads embedded in an agarose
hydrogel. The stacks have been re-scaled using the depth-dependent (left) and Diel (median)
(right) re-scaling factors. Overlays are plotted of the re-scaled z-stacks (grays) and the ground
truth z-stack recorded with the water immersion objective (reds). The two bottom rows are
cut-outs of the upper row. The beads are slightly displaced in X due to imperfections in the
manual overlay of the z-stacks.
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Figure 3.8: Relative error of the re-scaled z position compared to the ground truth z 4 as recorded using a
water immersion objective. The relative error is binned along z4 in bins of 10 um and the mean of each
bin is plotted in the center of each bin. The standard deviation is plotted as an error bar. The dashed gray
line indicates 0 and acts as a guide to the eye.

Quantitative comparison

To quantify how well the acquired data can be corrected using the depth-dependant
re-scaling factor, we localize all individual fluorescent beads present in the data
recorded using the PSF-EXTRACTOR software (Daan Benjamin Boltje et al., 2022).
We compare the z position found in the re-scaled data to the ground truth value
z4 and divide this difference over z4. This is shown in Figure 3.8 for both imaging
scenarios, where we bin the data (bin size 10 um), plot the mean of each bin along
with the standard deviation as error bar, and plot the data centered with respect to
the bin. In Figure 3.8a (NA = 0.85, n; = 1.0, ny = 1.336), we omit the first bin (0 to
10 um) as it only contains 3 data points. The depth-dependent theory outperforms
both Diel theories in the axial re-scaling of this data, where we note a maximum
error of 2 % when using depth-dependent axial re-scaling, whereas the errors for the
linear theories approaches 5 %.

The same analysis and data processing is done for NA = 1.4, n; = 1.52, np = 1.336,
to quantify the error in re-scaling using the Diel (median) and depth-dependent
theory, see Figure 3.8b. There is not one theory that outperforms the others over
the depths measured here. Still, the depth-dependent theory results in a smaller
error closer to the cover slip, as is to be expected following Figure 3.5. In addition,
this measurement did not include beads near the cover glass (z4 < 20pum) where a
relative difference up to 20 % between the two theories is expected (see Figure S13).

We should note that the objective lens used in this experiment did not have a
correction collar. This means that we could not completely get rid of spherical aber-
ration (SA) when imaging close to the cover slip. The presence of SA near the cover
slip contradicts the optical conditions in the derivation of the analytical theory and
therefore affects the legitimacy of the depth-dependent re-scaling factor, result-
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ing in a higher re-scaling error. This shows that proper re-scaling also requires an
optimization of the correction collar before the acquisition of the 3D microscopy
data.

3.7 SOFTWARE FOR DEPTH-DEPENDENT RE-SCALING
Re-scaling acquired z-stacks using Python

To re-scale z-stack acquired under RIM, we have written PYTHON software which is

availableathttps://github.com/hoogenboom-group/SF (Wee etal., 2023). Jupyter
Notebooks are used to read image data and, based on the specific imaging conditions,

use inverse distance weighting to rescale the intensities along the axial coordinate

correctly. The same axial pixel size from the original data is used, but depending on

the RIM mismatch, the re-scaled z-stack will map a shorter or larger axial range.

Interactive online tool for plotting the re-scaling factor versus imaging depth

We have made an online interactive tool where the depth-dependent re-scaling fac-
tor can be plotted and compared to existing depth independent scaling theories us-
ing PLOTLY DASH (Inc, 2023), the source code of which is available at (Wee et al., 2023).
The codeis accessible viathe URL https://axialscaling.pythonanywhere.com/.
The refractive indices n; and ny, the NA and the wavelength A can be varied. In addi-
tion, the focal shift A f = can be plotted for the depth-dependent re-scaling factor, as
well as for two depth independent scaling theories. Both the re-scaling factors and
the focal shift resulting from the depth-dependent theory can be exported to file. All
the measurement data and wave optics calculation results found in this manuscript
and the accompanying supplemental materials are also included in the interactive
plot.

3.8 DISCUSSION

The various re-scaling theories found in the literature can be understood as a result of
different (overt or covert) assumptions on which maximum constructive interference
contribution is leading. For example, Lyakin et al. used an analysis similar to ours,
but explicitly sets the critical point 8* such that k. (0*) = % x (kL (0)+k(Omax)) (Lyakin

etal., 2017):
ny+4/ n% —NAZ2
=
4(n3—n?)+ (m +\/n%—NA2)

The same value was proposed earlier by Stallinga while posing different criteria of
minimal variation of the phase function: 8* : min ((® — ®(0*))?) (Stallinga, 2005). For

3.9

¢ Lyakin =
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3.8 DISCUSSION

Diel et al. the {edian corresponds to setting 8* : k;(0*) = 1/2k; (Omax) = %ko x NA
(Diel et al., 2020), such that

(3.10)

Cmedian =

These estimates for { are geometrical in nature, where the actual wavelength
is not taken into account. This results in an implicit omission of the interference
nature of the PSF under RIM. Somewhat less obviously, the criterion of Stallinga is
also geometrical (Stallinga, 2005). While it does demand minimal variation in the
value of @ in order to achieve the highest possible constructive interference, it does
not take into account that the well minimized phase function can become several
2m in range (when both z4 and zy are large enough) and thus lead to destructive
interference anyway.

In order to be able to correct for depth-dependent axial scaling in experiments
where imaging under RIM is unavoidable, it is crucial that (i) the position of the cov-
erslip (or more general, the RIM interface) is determined precisely and, (ii) spherical
aberration at the interface is reduced to an absolute minimum by selecting the cover
glass the objective is optimized for, or by optimizing the position of the correction
collar. In practical terms, this would require that the objective lens used is fitted with
a correction collar, which is often the case for high-NA objective lenses.

One such case would be cryo-fluorescence microscopy used in the cryo-electron
tomography workflow, where a RIM is generally present due to the large tempera-
ture difference between the optical objective and the sample. With fluorescence
microscopy, targets can be identified in frozen hydrated cells and consequently
sufficiently thin sections can be prepared by ablating the excess cellular material
surrounding the target with a focused ion beam (Chiang et al., 2007; Hylton et al.,
2021; Villa et al., 2013). The aimed thickness of this frozen section is approximately
100 to 200 nm, which makes it crucial to precisely determine the target position
with respect to the RIM interface (outer cell surface) (Vulovic¢ et al., 2013). If axially
scaled distances measured with the light microscope are not corrected, targeting
errors in the range of 300 to 1200 nm will occur with cell thicknesses ranging up
to micrometers. Moreover, the depth-dependence of these errors will be important
when fabricating sections out of thicker ice whilst using fluorescence microscopy
to find targets in for instance organoids, as can be done in high pressure frozen
samples (K. Kelley et al., 2022; Schiotz et al., 2023).

With the provided software (Wee et al., 2023), one can easily plot the depth-
dependent re-scaling factor for the relevant imaging scenario, but also re-scale
their 3D microscopy data, without having to judge which linear theory will hold in
this scenario or perform full wave-optics calculations. We should note, however, that
although the data will be axially re-scaled, our software does not provide any correc-
tion of the shape of the point spread function (PSF) due to spherical aberrations. To
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correct for this, one would require deconvolution with a depth-dependent PSF as
demonstrated in (Kim et al., 2016).

Our measurements are limited by the relatively high uncertainty in determining
the re-scaling factor near z4 = 0. It would therefore be interesting, for future research,
to use the method from Petrov et al. to measure the re-scaling factor for the scenario
with a 0.85 NA air objective when imaging n; = 1.0 — np = 1.33.

3.9 CONCLUSION

We have presented an analytical theory to correct for the depth-dependent axial de-
formation when imaging with light microscopy in the presence of a refractive index
mismatch between the sample and the microscope objective immersion medium.
Using the resulting equation, a re-scaling factor as a function of depth can be calcu-
lated from imaging parameters numerical aperture (NA), the refractive indices of the
objective (n;) and sample (n,), and the wavelength (1), for a RIM with both n; < n,
and n; > ny. We performed wave-optics calculations to verify the theory and find a
very good agreement between the two. In addition, we performed experiments to
measure the axial scaling, where we find a good agreement at larger depths, whereas
closer to the cover slip, the measurements suffer from large uncertainties. We do
find good agreement with the accurate measurements done by Petrov et al. (Petrov
etal., 2020) in the case when imaging with a high-NA oil immersion objective into a
water sample.

Next, we tested the depth-dependent theory versus existing linear theories in
the literature on 3D microscopy data with a known ground truth. We find that for
NA =0.85, n; =1, np = 1.33 the depth-dependent theory outperforms existing linear
theories for depths up to 80 pm with a maximum relative error of 2 %. For NA =1.4,
n; = 1.52, np = 1.33, the depth-dependent theory performs as good as the best linear
theory in literature. However, we think its performance was compromised by the
presence of a small spherical aberration near the cover slip, which could not be
corrected for as the objective did not have a correction collar. Moreover, we could
not compare close to the cover glass (< 10um), where the linear theory used in the
comparison was expected to break down.

Finally, we have presented a web applet to be used by microscope users to calculate
the re-scaling factor for their imaging parameters. In addition, we have shared
software to re-scale 3D data sets using the depth-dependent scaling factor.

Our re-scaling theory is the first to include the depth dependence of axial scaling
due to a refractive index mismatch. It will be of use in imaging scenarios where
the refractive indices of the sample and objective cannot be matched, such as in
integrated, cryogenic, and correlative light and electron microscopy setups, or in the
imaging of water-like samples using high-NA oil immersion objectives.
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Figure S1: Re-scaling factor versus depth for 0.7 NA optical objective, n; = 1.0 and np = 1.0. Measurement
data (green dots) are plotted alongside the wave-optics calculations (dashed blue lines), analytical
solution (solid black line) and depth-independent theories (solid lines). The wave-optics calculations,
analytical solution and depth-independent theories overlap at { = 1.0. 2 sets of measurement data are
plotted individually and from this data the mean (solid black dots) is computed by binning along z 4,
plotted in the center of each bin (bin sizes of 1 and 10 pm respectively for 0 to 10 um and 10 to 100 um).
The measurement error (shaded green area) is the sum of the measurements standard deviation and an
estimated upper error limit.
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Figure S2: Re-scaling factor versus depth for 0.7 NA optical objective, n1 = 1.0 and np = 1.34. Measurement
data (blue dots) are plotted alongside the wave-optics calculations (dashed blue lines), analytical solution
(solid black line) and depth-independent theories (solid lines). 4 sets of measurement data are plotted
individually and from this data the mean (solid black dots) is computed by binning along z4, plotted
in the center of each bin (bin sizes of 1 and 10 um respectively for 0 to 10 um and 10 to 100 pum). The
measurement error (shaded blue area) is the sum of the measurements standard deviation and an
estimated upper error limit.
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Figure S3: Re-scaling factor versus depth for 0.7 NA optical objective, n; = 1.0 and np = 1.52. Measurement
data (yellow dots) are plotted alongside the wave-optics calculations (dashed blue lines), analytical
solution (solid black line) and depth-independent theories (solid lines). 3 sets of measurement data are
plotted individually and from this data the mean (solid black dots) is computed by binning along z4,
plotted in the center of each bin (bin sizes of 1 and 10 um respectively for 0 to 10 um and 10 to 100 um).
The measurement error (shaded yellow area) is the sum of the measurements standard deviation and an
estimated upper error limit.
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Figure S4: Re-scaling factor versus depth for 0.85 NA optical objective, 71 = 1.0 and np = 1.0. Measurement
data (green dots) are plotted alongside the wave-optics calculations (dashed blue lines), analytical solution
(solid black line) and depth-independent theories (solid lines). The wave-optics calculations, analytical
solution and depth-independent theories overlap at { = 1.0. 3 sets of measurement data are plotted
individually and from this data the mean (solid black dots) is computed by binning along z 4, plotted
in the center of each bin (bin sizes of 1 and 10 um respectively for 0 to 10 um and 10 to 100 um). The
measurement error (shaded green area) is the sum of the measurements standard deviation and an
estimated upper error limit.



58 DEPTH-DEPENDENT SCALING OF AXIAL DISTANCES IN LIGHT MICROSCOPY

1.9
1.8
p“ Measurements
* ® Mean
1.7 . Wave-optics calculations
o ° —— Analytical expression
N~ —— Stallinga (2005)
16 - —— Lyakin (2017)
' —— Diel median (2020)
—— Diel mean (2020)
1.5
T T T T T
20 40 60 80 100
ZA [Mm]

Figure S5: Re-scaling factor versus depth for 0.85 NA optical objective, n; = 1.0 and np = 1.52. Measure-
ment data (yellow dots) are plotted alongside the wave-optics calculations (dashed blue lines), analytical
solution (solid black line) and depth-independent theories (solid lines). 3 sets of measurement data are
plotted individually and from this data the mean (solid black dots) is computed by binning along z 4,
plotted in the center of each bin (bin sizes of 1 and 10 um respectively for 0 to 10 pm and 10 to 100 um).
The measurement error (shaded yellow area) is the sum of the measurements standard deviation and an
estimated upper error limit.
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Figure S6: Re-scaling factor versus depth for 0.95 NA optical objective, 71 = 1.0 and np = 1.0. Measurement
data (green dots) are plotted alongside the wave-optics calculations (dashed blue lines), analytical solution
(solid black line) and depth-independent theories (solid lines). The wave-optics calculations, analytical
solution and depth-independent theories overlap at { = 1.0. 3 sets of measurement data are plotted
individually and from this data the mean (solid black dots) is computed by binning along z 4, plotted
in the center of each bin (bin sizes of 1 and 10 um respectively for 0 to 10 um and 10 to 100 um). The
measurement error (shaded green area) is the sum of the measurements standard deviation and an
estimated upper error limit.
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Figure S7: Re-scaling factor versus depth for 0.95 NA optical objective, n; = 1.0 and np = 1.34. Measure-
ment data (blue dots) are plotted alongside the wave-optics calculations (dashed blue lines), analytical
solution (solid black line) and depth-independent theories (solid lines). 9 sets of measurement data are
plotted individually and from this data the mean (solid black dots) is computed by binning along z4,
plotted in the center of each bin (bin sizes of 1 and 10 um respectively for 0 to 10 um and 10 to 100 um).
The measurement error (shaded blue area) is the sum of the measurements standard deviation and an

estimated upper error limit.
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Figure S8: Re-scaling factor versus depth for 0.95 NA optical objective, n; = 1.0 and np = 1.52. Measure-
ment data (yellow dots) are plotted alongside the wave-optics calculations (dashed blue lines), analytical
solution (solid black line) and depth-independent theories (solid lines). 3 sets of measurement data are
plotted individually and from this data the mean (solid black dots) is computed by binning along z 4,
plotted in the center of each bin (bin sizes of 1 and 10 pm respectively for 0 to 10 um and 10 to 100 pm).
The measurement error (shaded yellow area) is the sum of the measurements standard deviation and an
estimated upper error limit.
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Figure S9: Re-scaling factor versus depth for 1.25 NA optical objective, n; = 1.34 and ny = 1.34. Measure-
ment data (green dots) are plotted alongside the wave-optics calculations (dashed blue lines), analytical
solution (solid black line) and depth-independent theories (solid lines). The wave-optics calculations,
analytical solution and depth-independent theories overlap at { = 1.0. 6 sets of measurement data are
plotted individually and from this data the mean (solid black dots) is computed by binning along z 4,
plotted in the center of each bin (bin sizes of 1 and 10 pm respectively for 0 to 10 um and 10 to 100 um).
The measurement error (shaded green area) is the sum of the measurements standard deviation and an
estimated upper error limit.
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Figure S10: Re-scaling factor versus depth for 1.4 NA optical objective, 71 = 1.52 and np = 1.52. Measure-
ment data (green dots) are plotted alongside the wave-optics calculations (dashed blue lines), analytical
solution (solid black line) and depth-independent theories (solid lines). The wave-optics calculations,
analytical solution and depth-independent theories overlap at { = 1.0. 1 sets of measurement data are
plotted individually and from this data the mean (solid black dots) is computed by binning along z 4,
plotted in the center of each bin (bin sizes of 1 and 10 pm respectively for 0 to 10 um and 10 to 100 um).
The measurement error (shaded green area) is the sum of the measurements standard deviation and an
estimated upper error limit.
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Figure S11: Re-scaling factor versus depth for 1.4 NA optical objective, n; = 1.52 and np = 1.0. Measure-
ment data (dark orange dots) are plotted alongside the wave-optics calculations (dashed blue lines),
analytical solution (solid black line) and depth-independent theories (solid lines). 3 sets of measurement
data are plotted individually and from this data the mean (solid black dots) is computed by binning along
z 4, plotted in the center of each bin (bin sizes of 1 and 10 um respectively for 0 to 10 pm and 10 to 100 pm).
The measurement error (shaded dark orange area) is the sum of the measurements standard deviation
and an estimated upper error limit.
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Figure S12: Quantitative comparison of the linear scaling theories from literature to the depth-dependent
analytical theory for NA=0.85, n; = 1.0 and np = 1.336. (a) The re-scaling factor { vs AFP for the depth-
dependent theory (solid), Lyakin et al. (dashed) Lyakin et al., 2017, Diel et al. mean (dash-dot) and median
(dot-dot) Diel et al., 2020. (b) The focal shift vs AFP of the aforementioned theories. (d) Axial difference vs
AFP for the theories. (d) Relative difference between the theories.
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Figure S13: Quantitative comparison of scaling theories in case of NA = 1.4, n] = 1.52, np = 1.336. (a) The
re-scaling factor { vs AFP for the depth-dependent theory (solid), Lyakin et al. (dashed) Lyakin et al., 2017
and median (dot-dot) Diel et al., 2020. (b) The focal shift vs AFP of the aforementioned theories. (d) Axial
difference vs AFP for the theories. (d) Relative difference between the theories.




THICKNESS AND QUALITY CONTROLLED FABRICATION OF
FLUORESCENCE-TARGETED FROZEN-HYDRATED LAMELLAE

Cryogenic FIB milling is essential for fabricating thin lamella-shaped samples out of
frozen-hydrated cells for high-resolution structure determination. Structural infor-
mation can only be resolved at high resolution if the lamella thickness is between
100 and 200 nm. While the lamella fabrication workflow has undergone significant
improvements since its conception, quantitative, live feedback on lamella thick-
ness, quality, and biological target inclusion is still lacking. Taking advantage of a
coincident light microscopy integrated into the FIB-SEM, we present three different
strategies that together allow accurate, live control during lamella fabrication. First,
we combine 4D-STEM with FM targeting to determine the lamella thickness. Second,
with RLM we screen target sites for ice contamination and monitor lamella thickness
and integrity of the protective Pt coating during FIB milling. Third, we exploit thin-
film interference to obtain fine-grained feedback on thickness uniformity below
500 nm. We finally present a full workflow for fluorescence-targeted and quality
controlled fabrication of frozen-hydrated lamellae, benchmarked with excellent
agreement to EFTEM measurements and reconstructed tomograms obtained with
electron cryo-tomography.

4.1 INTRODUCTION

Cryogenic electron tomography (cryo-ET) has become an integral technique in the
quest for a mechanistic understanding of complex biological processes at the molec-
ular scale, as it remains the sole imaging method capable of discerning intricate
structural features within a cell without labeling Tegunov et al., 2021; Turk et al.,
2020; Zimmerli et al., 2021. However, its utility in gaining biological insights is often
hampered by constraints in sample preparation, particularly the need for thin, ide-
ally artifact-free, cellular sections. These thin sections can be fabricated out of frozen
hydrated cells using a focused ion beam scanning electron microscope. In FIB-SEM
grazing-incidence ion bombardment locally removes cellular material, revealing a
cross-section of the cell’s interior (lamella), which is then primed for high-resolution
imaging with a TEM Chiang et al., 2007; Hylton et al., 2021; Rigort et al., 2012; Villa
etal., 2013. To achieve optimal structural resolution, the ideal lamella thickness must
be around 100 to 200 nm, remaining well below the inelastic mean-free path of elec-
trons in vitreous ice, which is about 320 nm for TEM imaging at 300 keV (Yesibolati
etal., 2020).

This chapter has been published as: Boltje et al. (2025). “Thickness and quality controlled fabrication of
fluorescence-targeted frozen-hydrated lamellae.” In: Cell Reports Methods, pp. 2025-01.
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In recent years, various improvements and refinements have been made to the
cryo-FIB milling workflow, enhancing throughput, reliability, sample yield, and quality.
Gas injection systems (GISs) in the cryo-FIB microscope enable the deposition of a Pt
layer, which protects the target region from ion exposure. Maintaining the integrity of
this Pt layer during milling is crucial to obtain thin lamellae and prevent ion-induced
damage. Different approaches to in-situ fluorescence imaging have been integrated
into the cryo-FIB workflow to aid in selecting target cells and identifying regions of
interest for milling Arnold et al., 2016; Daan B Boltje, Hoogenboom, Jakobi, Jensen,
Jonker, Kaag, Koster, Last, Agrela Pinto, J. M. Plitzko, et al., 2022; Buckley et al., 2020;
Gorelick et al., 2019; Kuba et al., 2021; W. Li et al., 2023; Schaffer et al., 2019; Smeets
etal., 2021; Tacke et al., 2021; ThermoFisher Scientific, 2021; Wolff, Limpens, et al.,
2019. However, precise localization of the target in cryo-FIB coordinates remains
challenging due to registration errors and aberrations that result from refractive
index mismatches during fluorescence microscopy Loginov et al., 2024. In-situ
feedback during cryo-FIB milling on lamella quality—specifically its thickness and
uniformity, the condition of the protective Pt layer, and the inclusion of the biological
target—could significantly improve fabrication yield in the frozen-hydrated lamella
workflow.

The lamella thickness and uniformity can be assessed using SEM Conlan et al.,
2020; Mierlo et al., 2014. However, this method assumes the lamella is composed of a
homogeneous material, which is not the case for cellular samples. Additionally, most
methods require independent calibration before each imaging session and come
with practical drawbacks Skoupy et al., 2023. Quantitative thickness estimations
for cellular specimens have been reported when imaging the periphery of a cell in
the TEM Last et al., 2023, but these have not been extended to the lamella fabrica-
tion workflow. Alternatively, using g4STEM imaging, we recently demonstrated that
lamella thickness can be robustly estimated directly in the FIB-SEM without addi-
tional calibrations, provided the instrument setup allows for transmission imaging
Skoupy et al., 2023.

Up to now, routine fabrication of sufficiently thin frozen-hydrated sections re-
mains challenging due to a lack of direct, quantitative feedback on all key parameters
that determine the lamellla quality: thickness, uniformity, ice contamination, state
of the protective Pt GIS layer, and inclusion of the biological target.

Here, we utilize a coincident FM-FIB-SEM setup Daan B Boltje, Hoogenboom,
Jakobi, Jensen, Jonker, Kaag, Koster, Last, Agrela Pinto, J. M. Plitzko, et al., 2022
for automated fluorescence-targeted lamella preparation and present three comple-
mentary techniques to estimate the thickness of a frozen-hydrated lamella during
the milling process without requiring prior calibration. We (i) apply the previously
presented g4STEM method to frozen-hydrated lamellae and benchmark the mea-
sured thickness against EFTEM, (ii) image the lamella from the foil side using RLM
and estimate its thickness based on the known milling geometry, and (iii) exploit
thin-film interference on a per-pixel basis, yielding a fine-grained thickness map
of the lamella and providing quantitative feedback on lateral thickness variations.



4.2 RESULTS

Furthermore, we address the axial scaling effects caused by the RIM during the se-
lection of fluorescence microscopy targets and incorporate this correction into our
approach for automated milling of fluorescent targets. Finally, we integrate all of
these techniques to show a fluorescence-targeted lamella fabrication workflow with
precise control over both lamella thickness and quality.

4.2 RESULTS
Fluorescent targeting under refractive index mismatch

In our three-beam coincident setup, cryo-fluorescence microscopy is used to iden-
tify targets in frozen-hydrated cells, after which surrounding material is ablated
with the FIB to create a lamella containing the target. Due to the large temperature
difference between the optical objective (at room temperature) and the sample
held at 100K, a dry objective lens (n; = 1.0) is used to image the cellular material,
which primarily consists of vitrified water (n, = 1.28 at T = 109K) Kofman et al.,
2019. This creates a RIM, resulting in a depth-dependent deformation of the optical
microscope’s axial coordinate Loginov et al., 2024. Correctly accounting for the RIM
induced axial deformation is crucial when fabricating lamellae around fluorescent
targets embedded in frozen-hydrated cells.

To compensate for the axial compression caused by the RIM, the z-position of
the interface between vacuum and specimen must be precisely determined. In
our coincident three-beam microscope, the sample holder is oriented such that an
incident angle of 10° is maintained with the FIB, and consequently, the SEM has an
incident angle of 118°. The optical objective is positioned below the specimen and
images the ROI at right angles through the EM grid, as shown in Figure 4.1a.

When an AutoGrid-mounted sample is loaded into the system, the correct height
for three-beam coincidence is initially achieved by moving the objective lens to
the coincident point of the FIB-SEM. To identify the z-position of the air-specimen
interface, the objective stage is used to focus on the grid foil while avoiding ice in
the optical path, thereby preventing a RIM. This ensures that the measured axial
(microscope or nominal, zy) position of the grid foil matches the actual position
z 4 (Figure 4.1b). The alignment pattern is then imaged using SEM, FIB, and LM, with
the light microscopy image captured by collecting reflected light from the sample
(Figure 4.1c¢).

With an NA of 0.85, and the refractive indices of both the objective lens and the
sample, the axial scaling behaves linearly as long as fluorescent emitters are no
deeper than about 9 um Loginov et al., 2024. The upper thickness limit for obtaining
vitreous plunge-frozen hydrated cells is 10 um Wagner et al., 2020. Therefore, the
focal shift (i.e., the difference between the actual and measured emitter position)
for a targeted emitter ranges from 0 to ~2.7 um, scaled linearly at ~300 nm shift per
micrometer of emitter depth. This is schematically illustrated in Figure 4.1d, where
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Figure 4.1: The alignment of the experimental setup used for lamella fabrication (a through c), the
targeting & milling approach (d through f) and techniques for quality control (g through i). (a) Infrared
photograph acquired with the camera mounted on the FIB-SEM host system showing the three coincident
beams (SEM, LM and FIB) along with the microcooler and OL mounted inside the microscope chamber.
The EM grid containing frozen cells is contained in the sample shuttle holder (SSH) and epi-fluorescence
imaging is done from the bottom (transparent red). (b) Alignment of the optical microscope is done by
moving the objective lens, without a RIM present. The AutoGrid and coverslip have been omitted for
clarity. (c) Milled pattern imaged with three imaging modalities after alignment, the light microscopy
image is acquired by collecting reflected light from the sample. (d) When targeting fluorescence inside
a cell, the axial coordinate is distorted due to RIM. The measured axial position (zp) of the fluorescent
emitter does not coincide with the actual position (z4). (e) The bottom milling pattern is positioned
close to the coincident point, as the fluorescent emitter always sits further away from the objective lens
due to axial scaling. (f) Placement of the asymmetric milling pattern with respect to coincidence (black
line), in the FIB field of view prior to rough milling a cellular structure. (g) Schematic diagram showing
the geometry and detection principle used to measure lamella thickness with g4STEM (Skoupy et al.,
2023). By collecting scintillation light from the scattered electron pattern with the optical system, the
lamella thickness can be determined. (h) Schematic showing the lamella orientation with respect to the
objective lens. The lamella thickness can be estimated by collecting the reflected light intensity from the
lamella (Igy ), both through the known imaging geometry and interference effects, see also (i), right. (i)
The fluorescence intensity can be monitored during and in between milling, thus the presence of the
biological target inside the lamella is guaranteed. Thin film interference effects are present in RLM, as
seen by the intensity gradient going from bottom (dark) to the top (bright) of the lamella. In addition,
interference fringes are visible originating from a Newton interferometer geometry. Both of these effects
can be exploited to determine the thickness of the lamella. Scale bars: (a) 2cm, (¢) 5um, (f) 5pum, (i)
10 um (left), 2 pm (right).
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a fluorescent object at actual depth z,4 is imaged at the axial coordinate z due to
the optical microscope’s aberrations Loginov et al., 2024.

To quantitatively correct the focus shift, precise measurement of the scaled dis-
tance is needed, which is achieved by determining the focal length difference be-
tween the foil (the RIM interface) and the fluorescent emitter. Since lamella fabrica-
tion occurs in a step-wise process, with lamella thickness after rough milling typically
ranging around 2 to 3 um, we adopted an alternative approach. When imaging from
alow (n; = 1) to a high (n, = 1.28) refractive index, the optical microscope’s axial
coordinate system appears compressed. This enables an asymmetric milling pat-
tern, where the bottom pattern is placed a few hundred nanometers away from the
coincident point (Figure 4.1e and f). Consequently, the top milling pattern is set ap-
proximately ~2.7 um away from the coincident point, ensuring that the fluorescent
ROI is captured within the rough-cut lamella.

Quality and thickness control are ensured through three complementary tech-
niques that estimate the thickness of a frozen-hydrated lamella during the milling
process. We apply our previously presented g4STEM method Skoupy et al., 2023 to
frozen-hydrated lamellae (Figure 4.1g). By leveraging the known imaging geome-
try and interference effects present in the RLM, we can estimate lamella thickness
and verify the presence of the fluorescent target inside the lamella using FM (see
Figure 4.1h,i). Further details on these methods are discussed below.

Automated milling of fluorescent targets

We set out to implement in-situ fluorescence targeting to establish automated
lamella preparation on selected cellular targets. Our workflow is illustrated in Fig-
ure 4.2, where potential target cells are identified using a low-magnification SEM
image (white markers) prior to applying the Pt coating with the GIS. Each site is
imaged using FM to refine target positions, and additionally, the sites are screened
using RLM. During the sample preparation, ice crystallites occasionally form, and
larger clusters can obscure the target site. These clusters are often found below
the foil side of the grid and thus remain invisible in the SEM image. They not only
obstruct fluorescence imaging but also induce additional axial scaling when located
directly beneath the target. If present along the lamella’s milling direction, they may
also hinder subsequent tilt series acquisition in the TEM. RLM imaging using the
integrated optical microscope helps identify and discard these sites (Figure 4.2, red
marker with white cross), thereby increasing the success rate of high-quality lamella
for cryo-ET.

Once N final milling targets have been selected, asymmetric rough milling of the
lamella is performed in an automated fashion using the stored XY Z stage coordi-
nates obtained from the FM imaging. For each milling site, the Odemis acquisition
software positions the stage and automatically captures images in the relevant chan-
nels of the light microscope Piel et al., 2022. This imaging occurs both before and
after rough milling, resulting in N milled sites (yellow marker with an R in Figure 4.2)
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Figure 4.2: Fluorescence targeted, automated lamella preparation workflow for selected cellular targets.
Initial target cells are identified in a low magnification SEM image (white markers, 1keV, 25 pA, ~2mm
horizontal field width). After applying the Pt coating, the target positions are refined through fluorescence
imaging and targets are screened for the presence of ice crystals using the RLM. N final targets are rough
milled automatically, whilst acquiring FM images before and after. Scale bars: 100 um (SEM images), 10 pm
(RLM images) and 100 um (FM images).
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and corresponding image pairs. More examples of these image pairs are shown in
Figures S.2 and S.3 and were acquired over approximately four weeks during milling
of different biological specimens.

In this study, the Helios Nanolab 650 FIB-SEM (Thermo Fisher Scientific) was
used to carry out the milling, with our integrated cryo-light microscope retrofitted
as described previously Daan B Boltje, Hoogenboom, Jakobi, Jensen, Jonker, Kaag,
Koster, Last, Agrela Pinto, J. M. Plitzko, et al., 2022. Instructions to mill a pre-defined
pattern with the FIB are sent through the XTLib interface (Thermo Fisher Scientific)
by adjusting the SEM scan rotation. An iFast script (Thermo Fisher Scientific) exe-
cutes the milling process, after which the scan rotation is returned to its original
value, indicating that milling at this site is complete. Similar strategies for controlling
beam, stage, and imaging operations can be employed through the instrument API
of other manufacturers. The total time to perform stress relief cuts, mill an initial
lamella, and acquire the LM images is approximately 4 to 5 min per site. The rough
lamella can then be thinned down to <200nm, with quantitative feedback on the
thickness, as outlined below.

Thickness determination through qg4STEM

Reproducible FIB micromachining of high-quality frozen-hydrated lamella requires
robust control over the sample thickness during the milling process. The scattering
patterns of transmitted electrons can be recorded by converting our integrated light
microscope into an optical 2D-STEM detector. As shown in previous work, this
is achieved by replacing the ITO-coated glass coverslip of the integrated optical
microscope with a scintillator positioned directly below the AutoGrid (Figure 4.3a)
(Daan B Boltje, Hoogenboom, Jakobi, Jensen, Jonker, Kaag, Koster, Last, Agrela
Pinto, J. M. Plitzko, et al., 2022; Skoupy et al., 2023). While we previously used
a Yttrium aluminium garnet (YAG) scintillator in our proof-of-principle work, its
optical emission spectrum in the visible range conflicts with the absorption and
emission spectra of typical fluorescent targets. For this reason, we opted for lutetium
aluminium perovskite (LuAP), which has a relatively low optical emission wavelength
and interferes only with 440 nm-centered fluorescence emission. To record electron
scattering patterns, the OL is lowered along the SEM optical axis to focus on the top
scintillator surface while maintaining alignment with the SEM (Figure 4.3a). When
the estimated lamella thickness is below approximately 1 pm, the thickness can be
determined using q4STEM Skoupy et al., 2023. With the SEM in spot mode, the optical
microscope focus is fine-tuned through direct electron beam exposure on empty
grid foil holes (Figure 4.3b, inset). Individual scattering profiles from different parts
of the lamella are then recorded using the SEM beam shift. In our setup, temporal
coordination of electron exposure is managed by controlling the Fast Beam Blanker
on our Helios Nanolab 650 (Thermo Fisher Scientific) via the transistor-transistor-
logic (TTL) signal output from our optical camera. At each probe position, the lamella
thickness is calculated through a radial sum over the scattering profile (Figure 4.3c)
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Figure 4.3: ¢4STEM-measured thickness of frozen hydrated lamella compared quantitatively with thick-
ness estimates from energy filtered TEM. (a) Schematic diagram showing the geometry and detection
principle used to measure lamella thickness with q4STEM. The OL focus is moved downward (arrow,
along the electron optical axis) to the top scintillator surface, where the scattered electron pattern is
visualized by collecting the scintillation light (transparent blue). (b) Schematic illustration showing the
scattering process in more detail (dotted box in (a)). The left inset shows a SEM image from an intermedi-
ate milling step; the black cross marks the position at which the g4STEM measurement was acquired. (c)
The integrated radial intensity profile as computed from the acquired image (see inset). The thickness is
determined by taking the ratio of the virtual dark- and bright field intensity sum, as discussed in earlier
work Skoupy et al., 2023. (d) qg4STEM thickness map after correcting for the SEM angle of incidence of 52°.
The map consists of a 64 x 100 pixel grid acquired with a 200 nm pixel size. (e) EFTEM thickness map from
zero-loss imaging after correcting the lamella pre-tilt of 10°; pixel size is 3.59 nm. A baseline correction
has been applied to the EFTEM data to yield zero thickness outside the lamella (vacuum), (f) Mean line
profiles along the X and Y direction of the lamella. The dotted boxes in (d, ) annotate the region across
which the mean intensity was computed. Scale bars: (b) 10 um, (c) 33 um or 109 mrad.




4.2 RESULTS

and computing the integrated dark field/bright field (DF/BF) ratio. The DF/BF ratio,
along with an estimate of the most common scattering angle, can then be compared
to tabulated data from Monte Carlo (MC) electron scattering simulations to derive
the final thickness Skoupy et al., 2023.

To validate the robustness of thickness estimation using q4STEM on frozen-
hydrated lamella, we employed fluorescence-guided FIB milling to fabricate a
lamella from vitrified HeLa cells stably expressing mRFP-EGFP tandem fluorescent-
tagged Microtubule-associated protein 1A/1B light chain 3B (mRFP-GFP-LC3), a
dual fluorophore probe used for studying autophagosomes and their trafficking
Kimura et al., 2007b (Figure S.4). After automatic milling to an approximate thick-
ness of 250 nm, we acquired a 2D convergent beam electron diffraction pattern
at each pixel position of a 2D STEM raster covering the lamella. The resulting 4D
STEM dataset was then evaluated using the g4STEM method, yielding local thick-
ness measurements at each probe position, corrected for the non-perpendicular
incidence of the electron beam (Figure 4.3d). We then transferred the sample to
a JEOL JEM3200-FSC TEM operating at 300 kV and acquired a baseline-corrected
EFTEM thickness map using zero-loss imaging (Figure 4.3e). The two techniques
showed good agreement, with a mean thickness difference of only 7 nm across the
central 4 pm region of the lamella (Figure 4.3d, e).

Figure 4.3f shows the mean line profiles corresponding to overlays in the respec-
tive 2D maps. Both the q4STEM and EFTEM profiles reveal a ~50 nm reduction in
thickness from the Pt-coated leading edge to the trailing edge of the lamella, caused
by the diminished incident ion flux along the lamella due to the grazing angle. The
bump indicating an apparent increase in thickness at Y = 3um of the lamella is
attributed to the platinum-rich GIS coating used to protect the lamella during FIB
milling, as the scattering profile is interpreted using simulated data of pure frozen
water.

We assessed the possibility of beam-induced damage due to low-voltage electron
exposure in the SEM by examining a sample of lysosome crystals, as detailed in
the Supplemental Information (Figure S.5). Our analysis focused on low-order re-
flections due to the limited sensitivity of the scintillator-based detection method.
With increasing electron fluence, the intensity of the 0-order peak increases due to
electron beam-induced degradation of the crystal structure. While a more detailed
assessment of radiolytic damage affecting higher-resolution features would require
future studies using a more sensitive, pixelated direct detection STEM detector, we
argue that thickness determination via g4STEM remains a viable method as we apply
q4STEM exclusively to the edges of the lamella, located 2 to 10 um away from the
ROI for tilt series acquisition to avoid damage to critical areas. To support this, we
have performed MC simulations of 30kV electrons impinging on a 1000 nm lamella
using CASINO Drouin et al., 2007. The MC electron trajectories suggest that 95 % of
the deposited energy remains within a maximum radius of 50 nm of the incident
beam profile, which is consistent with previous estimates Pimblott et al., 1990. The
cross-sectional diffusive radius of reactive radiolytic products in amorphous water
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ice, mediated through for instance low energy (secondary) electrons, is reported
to range between 2 to 70 nm Abellan et al., 2023; Aronova et al., 2011. We there-
fore estimate that beam-inflicted radiolytic damage is likely restricted to several
tens of nanometers off the g4STEM scan line and will not affect the ROI at several
micrometers distance from that scan line.

Thickness & quality control using RLM

Live feedback on lamella thickness and quality during milling can be obtained by
acquiring RLM images with the coincident light microscope in addition to FM target-
ing (Figure 4.4). We demonstrate this process using fluorescence-targeted lamella
preparation from HeLa cells expressing mRFP-GFP-LC3, which allows simultaneous
localization of autophagosomes and autophagolysosomes. First, ROIs are selected
based on the fluorescence images (Figure 4.4a) of suitable cells, originally chosen
via the low-magnification SEM image (Figure 4.4a, inset). The overlay of the two-
channel FM image with the simultaneously acquired RLM image clearly shows the
fluorescence embedded in the context of the frozen-hydrated cell and grid support
(Figure 4.4a).

FIB milling is then performed at a 10° angle relative to the plane perpendicular to
the light microscope’s optical axis, creating the geometry shown in Figure 4.4b. The
optical focus depth is approximately 500 nm (red shaded area), allowing focus on
either the top (Pt, blue) or bottom (foil, green) side of the lamella by adjusting the z
position of the sample stage. The lamella thickness is estimated by measuring the
width w of the bottom (foil) side of the lamella (Figure 4.4b, inset). The thickness d
is then calculated using the relation d = w - sin(6), where 6 is the milling angle.

Acquiring an RLM z-stack during intermediate milling steps allows for assessing
the milling process beyond thickness estimation. Both the foil and Pt GIS sides can be
brought into focus (Figure 4.4c), allowing us to evaluate the: (i) lamella thickness d
by measuring w from the foil side; (ii) state and uniformity of the Pt GIS layer, which
protects the lamella during ion beam milling; (iii) overall uniformity of the milled
lamella; and (iv) accuracy of the milling angle by measuring the defocus (4 um)
over the full lamella length (22.4 um), yielding 6 = arcsin (4pm/22.4pm) = 10.2°. By
setting the optical focus between the top and bottom of the lamella (at 1.6 um in
Figure 4.4c), an approximate lamella thickness d can be estimated, while the highly
reflective Pt GIS layer is used to assess the protective layer’s uniformity.

Snapshots showing the progress of the milling process are presented in Figure 4.4d.
These images are taken after pausing FIB milling, with the foil side of the lamella in
focus. The width w decreases as the lamella becomes thinner, and the instantaneous
thickness d is displayed at the top of the snapshots along with the milling duration,
color-coded. Additionally, a series of RLM images is acquired during FIB milling,
with the optical focus set between the bottom and top of the lamella. The mean
reflected intensity along the Y axis is plotted in Figure 4.4e for different milling
stages. Characteristic intensity peak at the beginning (Y = ~7um) and end (Y =
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Figure 4.4: Targeted and quality controlled FIB milling with in-situ fluorescence and reflected light imaging.
(a) Initial target selection in HeLa cells expressing mRFP-GFP-LC3 using fluorescence microscopy (colors)
overlaid on reflected light (grayscale). Green & yellow: autophagosomes and red: autophagolysosomes.
The light microscope FOV is denoted by the white rectangle in the top left inset, showing the grid square
in the SEM overview image. (b) Sketch showing the lamella- and RLM imaging geometry. The optical focus
depth (red translucent are) is about 500 nm. The dotted box shows the lamella geometry close to the grid
foil. The lamella thickness d can be estimated by measuring distance w along the tapered wedge of the
lamella by d = w-sin(6). (c) Cropped slices (orange rectangle in (a)) from a RLM z-stack acquired with
the lamella milled to about 300 nm in thickness. Top and bottom side of the lamella can be imaged by
changing the optical focus (respectively Pt GIS and foil sides, green and blue annotations, also visible in

(b)). (d) Various stages (time points) of the lamella milling process (FOV cut to red marked area from (a)).

The lamella thickness d can be estimated by measuring w along the bottom wedge of the lamella. (e)
Mean X RLM intensity profiles along the lamella length Y (line color indicates milling progression/time
according to the color scale in (f)). w can be measured from the width of the foil-side intensity peak. (f)
Estimated lamella thickness d versus milling duration. The two insets show the lamella as imaged in RLM

at the start and end points of thinning. The lamella thickness can be estimated to approximately 250 nm.

Scale bars: (a) 5pm, inset: 50 um, (c) 5um, (d) 5pm.
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~25 to ~20um) of each line trace correspond to the bottom and top sides of the
lamella, respectively. By measuring the width w at each stage, the lamella thickness
can be calculated and plotted against milling duration (Figure 4.4f). The insets show
the first and final images used to determine w. This method enables monitoring of
the milling process down to a thickness of around 1 um.

Thin-film interference effects can be leveraged to achieve more accurate lamella
thickness determination than with geometric estimations, as demonstrated by Last
et al., who utilized multicolor RLM to measure thickness at the periphery of vitrified
cells grown on cryo-EM support films Last et al., 2023. We demonstrate the appli-
cation of thin-film interference for thickness determination in our coincident light
microscope by first milling a rough lamella to approximately 2.6 um thickness, as
seen in Figure 4.5a.

Next, a cleaning cross-section pattern was defined within the FIB field of view to
thin the lamella at a consistent rate (Figure 4.5b, top). The milling process proceeded
line by line, with an effective rate of 2.4 nm/s along the FIB Y axis to ensure even
thinning, beginning from the top (¢ = 0s) and continuing until a thin lamella re-
mained after completion (Figure 4.5b, bottom and Figure 4.5c). The final thickness,
approximately 430 nm, was derived from the width w measured in the RLM image.
Further thinning was prevented by a discontinuous Pt GIS layer, highlighting the
utility of monitoring Pt coating integrity during milling.

We acquired RLM images during FIB milling using three different wavelengths
(A =463, 542 and 632nm, 189 images per channel, 567 total images), as depicted
in Figure 4.5d. For each wavelength, 35 individual line traces were extracted from
the white rectangles and plotted against lamella thickness. The reduction in thick-
ness was calculated based on the image timestamp and the constant milling rate
of 2.4nm/s. A lamella thickness offset of 390 nm was applied to the traces, which
falls within the error margin of the geometric estimate, especially given the non-
uniformity of the protective Pt GIS layer. The dashed black line represents the reflec-
tivity model r(d, A, T), similar to Last et al., 2023:

—d/L
dndny(A, T
r(d,A, T) = rmea + rAez cos n l’l/lz( ) +7

4.1)

Here, rmea and rp are constants adjusted to match the measured reflected intensity,
as determined from the acquired images. d is the lamella thickness, and L is a
constant accounting for scattering and coherence loss in the thin film, set to 500 nm.
The refractive index values for amorphous ice, n, (A, T), are taken from Kofman et al.
Kofman et al., 2019.

Good agreement between the reflectivity model and the measured data was ob-
served across all three wavelengths, allowing lamella thickness to be determined
according to the method outlined by Last et al. Last et al., 2023. To streamline both
data acquisition and analysis, we opted to measure reflected intensity for a single
wavelength only. By performing error minimization on the reflectivity data, using
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Figure 4.5: Reflected light intensity monitors lamella thickness during milling. (a) Lamella after rough
milling, as imaged with fluorescence microscopy (colors) overlaid on reflected light (grayscale). At this
stage, the lamella thickness d is approximately 2.6 pm (w = 15.3um). (b) The lamella after rough milling
(top) and after thinning (bottom), as imaged with the FIB. The lamella is evenly thinned by defining a
cleaning cross-section pattern in the FIB field of view (yellow marked area), having a constant milling rate
of 2.4nm/s along the FIB Y direction. The FIB milling progresses line-by-line at this rate, starting at the
top (line 1) and ending at the bottom (line N)(c) Lamella after thinning, as imaged with reflected light
(grayscale). At this stage, the lamella thickness d is approximately 430 nm (w = 2.5um), and the Pt GIS
layer has been partially removed (red arrow), preventing further thinning. (d) Reflected light images are
recorded in three different channels during the even lamella thinning. (e) For each reflected light channel,
the normalized reflected intensity is plotted against the lamella thickness. 35 individual intensity traces
are plotted for each channel (from white rectangle in (d)), along with the reflectivity model based on thin
film interference (dashed black, Equation 4.1). All scale bars: 5 pum.
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the geometric thickness estimate as an initial approximation, we can generate 2D
thickness maps of the lamella as a function of milling progress, as shown in the next
section.

Controlled lamella fabrication workflow

Finally, we combine the above into a single workflow for quality- and thickness-
controlled fabrication of fluorescence-targeted lamellae. Initial target selection is
done with fluorescence microscopy, and quality control is performed using the
RLM, as discussed earlier. In reflected light imaging, the wedge-shaped endpoints
of the lamella act as a Newton interferometer (NI) due to the changing thickness
(Figure 4.6a). From an approximate lamella thickness of 1.5 um, a region of constant
thickness starts to appear in the middle, where thin-film interference (TFI) occurs.
The normalized reflected intensity is recorded at a single point (blue cross) and
plotted using the geometrical thickness estimate d.s; in Figure 4.6b (blue scatter).
The thickness can then be further refined through error minimization using the nor-
malized version of the reflectivity model (Equation 4.1), yielding the green scatter in
Figure 4.6b, and the green curve in Figure 4.6¢. This reflects more intricate thickness
differences compared to the initial (geometrical) thickness estimate, partly because
the thickness measurements come from different locations on the section, but also
because the (local) lamella reflectivity is more sensitive to thickness variations.

As reflected light images are acquired, this process can be extended to all the pixels
on the lamella showing TFI, thus converting a grayscale reflected light image into
a 2D thickness map of the lamella, as shown in Figure 4.6d. To visualize thickness
variations at each stage of lamella thinning, the minimum and maximum values
of the color scale are adjusted for each image. At three time points during lamella
thinning (4.5, 5.1 and 6.5 min), g4STEM data along the Y direction were acquired
(colored dots). Along with the line traces of the 2D thickness maps (black lines) and
the thickness estimate from the milling geometry (dotted line), the lamella thickness
is plotted along the Y direction in Figure 4.6e. The three different methods are in
good overall agreement, showing an approximate lamella thickness of 600, 300 and
200 nm at different stages of milling, although des overestimates the thickness below
300 nm. The mean difference between q4STEM and TFI measured thicknesses is —57,
56 and —21 nm for the three time points, resulting in a relative difference of 10 to
20 %. At the 6.5 min time point, a lamella thickness of 188 nm was reached, with a
uniformity of less than 5nm (one sigma) from the error-minimized TFI data. Since
the protective Pt GIS layer was too thin and non-uniform, polishing was stopped.

The polished lamella was unloaded from the FIB-SEM using a cryogenic transfer
system and loaded into a JEOL JEM3200-FSC TEM operated at 300 keV. An overview
image was acquired in the TEM (see Figure 4.7a). After polishing was completed,
fluorescence data was overlaid on the overview image, and alignment between
the TEM and the (reflected) light microscopy data was performed using eC-CLEM
Paul-Gilloteaux et al., 2017. This overlay is used to set the ROI for tomogram ac-
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Figure 4.6: Thickness controlled lamella fabrication. (a) The lamella imaged in RLM (A = 463 nm) at an
intermediate milled state (d = 1.5um). The bottom (foil) and top (Pt GIS) sides of the lamella are wedge
shaped and act as a Newton interferometer (NI). The region between has a more uniform thickness, and
hence thin film interference (TFI) occurs. (b) With milling progression, the reflected intensity is recorded
(at the blue cross in (a)), along with the lamella thickness estimate dest = wsin(10°) from the milling
geometry (blue scatter). Error minimization is performed using a normalized version of the reflectivity
model (dashed black), which outputs a refined lamella thickness estimate (green scatter), and finally
yields (c) the lamella thickness versus milling duration. (d) The lamella imaged in RLM at varying stages
of milling (top, grayscale). g4STEM data has been acquired at three time points during the milling (dotted
colored lines). The error minimization process as outlined in (b) and (c) can be performed for all pixels
in the RLM images, yielding thickness maps at varying stages of milling (bottom, colored). (e) Lamella
thickness line traces along the Y direction, at three different time points. Thickness measurements
include q4STEM (colored dots, see also (d) top), the error minimization of the normalized reflectivity
(black lines, see also (d) bottom), and estimates from geometry dest (dotted black lines). The increase in
measured thickness around Y = 15um is due to the increased density of the Pt GIS layer. All scale bars:
Sum.
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(a) (b) (9

Figure 4.7: Cryo-electron tomography with fluorescence-targeted, thickness and quality controlled FIB-
milled lamella. (a) Overview image of the lamella in TEM with overlaid fluorescence data. TEM and
fluorescence images are aligned based on the reflected light image. This overlay is used for tomography
target selection. (b) Zoom of the black-boxed area in (a). (c) Snapshot from the reconstructed tomogram
with membrane segmentation as an overlay, acquired at the red rectangular area marked in (b). A Y Z slice
taken along the dashed white line is shown on the right, annotating the lamella thickness as measured
from the reconstruction. Scale bars: (a) 2.5 pm, (b) 1.0 um, (c) 250 nm.

quisition (Figure 4.7b, red box). A snapshot from the acquired tomogram is shown
in Figure 4.7c (left), along with the segmentation overlay. The lamella thickness is
measured from the Y Z slice along the dashed white line (Figure 4.7c, right), yielding
189 nm, which is in close agreement with the 188 nm estimate from TFI.

4.3 DISCUSSION

We have presented three different methods to accurately determine the lamella
thickness during FIB milling, using a light microscope integrated in a FIB-SEM system;
(i) by selecting a scintillator better suited for use in a fluorescence microscope, we
were able to apply an earlier presented quantitative 4D-STEM technique Skoupy et
al., 2023 to the cryogenic lamella fabrication workflow. Benchmarking this technique
to EFTEM showed good agreement in the determined thickness. (ii) The lamella
thickness was estimated during milling via the known milling and imaging geometry,
which produced reliable estimates between 2000 to 400 nm. (iii) Exploiting thin-film
interference phenomena on a per-pixel basis yields a fine-grained thickness map of
the lamella, thus providing quantitative feedback on the lateral thickness variations.
The final lamella thickness estimate was compared with the thickness determined
from reconstructed TEM data and showed excellent agreement.

We further showed how to target fluorescent regions of interest whilst correcting
for the axial distortion induced by the inherent presence of a refractive index mis-
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match when imaging into a frozen cell. RLM is used to inspect milling sites to discard
those sites which have parasitic ice present underneath the EM grid. A rudimentary
form of communication between the FIB and FM control PCs is used to perform
automated rough milling of fluorescent targets.

For different sample types, such as specimen prepared by the Waffle method or
high-pressure freezing (HPF) the thickness can extend up to ~200 um K. Kelley et al.,
2022; Monaghan et al., 1998. As such, depth dependent axial scaling effects need to
be considered, and quantitatively corrected for by accurately measuring the axial
coordinate zp (distance between refractive index interface and emitter) as observed
in the optical microscope.

Our methods provide live feedback on lamella thickness and uniformity, integrity
of the Pt coating layer, and presence of the fluorescent target when preparing a
lamella out of a frozen hydrated cell. This reduces the complexity of the milling
process and substantially increases the yield for producing lamella suitable for
high-resolution cryo-EM analysis. Combined with its ability for fluorescence-based
targeting, our procedure paves the way towards an automated workflow that allows
for fluorescence, thickness, and quality control, facilitating the routine fabrication
of frozen-hydrated cell sections and highlights potential advantages of coincident
FM-FIB-SEM instruments in workflow automation.

4.4 LIMITATIONS OF STUDY

q4STEM and RLM thickness determination during the milling process requires a
coincident light microscopy setup integrated in the FIB-SEM system. This is ab-
solutely required for the RLM measurements; for g4STEM an optional pixelated
STEM detector may also be used and could provide improved sensitivity compared
to the optical STEM signal detection employed in our setup. The g4STEM thickness
determination method relies on Monte Carlo simulations of the scattering process
of transmitted electrons and currently depends on parametric approximations of
material composition and uniformity. Based on theoretical considerations these ap-
proximations may lead to thickness over- or underestimation of ~ 2-3% for vitreous
cellular material.

Alternative to a light microscope coincident with the FIB, an in-situ reflected light
microscope might also be used for thickness determination through the geometry.
Although this would require stage moves between the LM and FIB, this can be im-
plemented through software automation in commercially available systems Smeets
etal., 2021; ThermoFisher Scientific, 2021, 2024.
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4.8 SUPPLEMENTAL INFORMATION

Table S1: Overview of scintillator candidates.

Scint. Cryst. struct. Ay, [nm]  Ag3X [nm] BF  Ref

YAG C 460,340 550 No 1
YAP OR 300 370 Yes 2
LYSO MC 250, 360 425 Yes 3
LuAP OR 300 365 Yes 4

C, OR and MC refer to cubic, orthorhombic or monoclinic,
BF indicates birefringence.

1 Crytur, 2023

2 Crytur, 2023; Donnald et al., 2018

3 Blahuta et al., 2013; Crytur, 2023; Pidol et al., 2004

4 Crytur, 2023; Drozdowski et al., 2006; Lempicki et al., 1998; Surface preparation laboratory, 2023
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Figure S1: Optical properties of a LuAP scintillator under electron irradiation and the layout of the optical
path. (a) Overview of the optical path denoting relevant components. The LuAP scintillator is irradiated
with 5keV, 100 pA electons. The scintillation light is collected by the objective lens (OL) and passed
to the 50/50 beam splitter (BS), where it is divided between the excitation- and emission arms. This
allows part of the light to be passed to the tube lens (TL) and focussed onto the camera (sCMOS) to
form an image. A polarizing beam splitter (PBS) is added in front of the camera. The fiber coupled light
source is replaced with a spectograph (SG) fitted with a liquid nitrogen cooled CCD camera. (b) Electron
induced scintillaton emission spectra as a function of scintillator temperature (top). Peak positions do

not shift, but the scintillation yield decreases. Peak maxima are plotted against temperature (bottom).
The scintillation yield decreases with a factor of 2.5 going from 286 to 110 K. Horizontal errorbars of 5 K.

(c) Scintillator birefringence is visualized by imaging the electron induced scintillation spot with the
optical system. Without PBS present two spots are present (top) and the parasitic spot (middle) can be
filtered out (bottom) depending on the PBS orientation. Scale bars: (¢) 2 pm.
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Figure S2: Fluorescent (colors) overlaid on reflected light (grayscale) image pairs as obtained by automated
milling. For each set, the left image is acquired prior to rough milling and the right image after. Scale bar
10 pm.
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Figure S3: Fluorescent (colors) overlaid on reflected light (grayscale) image pairs as obtained by automated
milling. For each set, the left image is acquired prior to rough milling and the right image after. Scale bar
10 pum.
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@) (b) (d)

Figure S4: Fluorescence targeted lamella as fabricated for g4STEM thickness determination and verifica-
tion with EFTEM. A red fluorescent protein (RFP)-GFP tandem fluorescent-tagged LC3 (mRFP-GFP-LC3)
single molecule-based probe is used that can monitor the autophagosome maturation process Kimura
et al,, 2007b. (a) lamella as imaged with RLM after thinning with the FIB, and in (b) zoom from white
rectangle. (c) Separated fluorescence microscopy channels, imaged after polishing (white rectangle from
(b)), with target present (red arrows). From left to right: GFP emission (525 nm in green), and RFP emission
(607 nm in orange). (d) Overview image as acquired in the TEM. All scale bars: 5 pm.
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Figure S5: Assessment of radiolytic damage by g4STEM measurements. (a) Overview image of the EM
grid containing small protein crystals. (b) The area as indicated in (a, black rectangle) shown at a larger
magnification. White arrows denote the crystals which showed (partial) diffraction patterns. (c¢) With
the optical focus set to the scintillator, the electron beam was moved over each crystal in search of a
(partial) diffraction pattern (example shown in inset). Once found, a time-lapse acquisition was started,
from which the 0-order intensity is plotted against electron fluence. The discontinuities seen in the blue
trace originate from ~ 2 to 4 nm peak-to-peak sample vibrations, causing slightly different parts of the
crystal to be exposed Daan B Boltje, Hoogenboom, Jakobi, Jensen, Jonker, Kaag, Koster, Last, Agrela Pinto,
J. M. Plitzko, et al., 2022. By enforcing a monotonic increase, we filter and remove these discontinuities
(orange trace). (d) Filtered 0-order intensity against electron fluence for different crystals, as indicated by
the white arrows in (b). The electron fluence is determined through the estimated beam diameter (10 nm)
and the set beam current (25 to 100 pA). Scale bars: (a) 100 um, (b) 10 um, (c, inset) 6 um or 20 mrad.






PROSPECTS AND IMPLEMENTATION IN STRUCTURAL
BIOLOGY

This work presented a novel fluorescence targeted lamella fabrication workflow
using integrated light, ion and electron microscopy, and described a progressive
enhancement of cryo-ET sample preparation techniques. The introduction of a coinci-
dent, fluorescence-guided FIB milling setup (Chapter 2) allowed for unprecedented
precision in targeting specific fluorescence labelled cellular structures, overcoming
the limitations of earlier presented methods (Arnold et al., 2016; Gorelick et al., 2019;
Smeets et al., 2021; ThermoFisher Scientific, 2021). A major technical challenge
associated with using cryogenic fluorescence microscopy for targeting within frozen-
hydrated cells is the axial deformation caused by refractive index mismatch between
the sample and the imaging system. This deformation can lead to inaccuracies in
identifying the correct depth at which structures of interest inside the cells are lo-
cated, and thus to off-target milling and the fabrication and inspection of lamellae
that do not contain the structure of interest. This was addressed by developing and
validating a depth-dependent axial scaling correction method (Chapter 3). With the
targeting precision and deformation correction in place, the final step was to ensure
that the fabricated lamellae were of optimal thickness for electron tomography (i.e.,
100 to 200 nm), and free from defects due to e.g. improper vitrification. This was
achieved by implementing real-time light microscopy monitoring and feedback
mechanisms during the milling process, ensuring that the lamellae produced were
of the desired thickness and quality, ready for high-resolution imaging inside the
TEM (Chapter 4). Collectively, these innovations have the potential to significantly
improve the reliability and reproducibility of high-resolution structural biology stud-
ies, paving the way for more detailed insights into the molecular machinery of life,
and affording several advantages.

() The integration of fluorescence-guided milling with real-time monitoring and
feedback significantly increases the efficiency, ease of use, and success rate
of preparing lamellae. To achieve high resolution in tomogram reconstruc-
tions, structure averaging on different lamellae is required, making it crucial
to minimize the risk of spending valuable time on lamellae of insufficient
quality or those that do not contain the region of interest, for both expensive
human operator and machine time. Structure determination through tomo-
gram reconstruction directly benefits from the efficiency gain, especially when
studying i.e. interacting components or sparse regions of interest.

(I1) Improved sample quality, precise targeting, and effective correction of imaging
distortions, enable more detailed and accurate structural studies. This is par-
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ticularly important for investigating dynamic processes within cells natively
too thick for cryo-ET. Cells with different culture time points can be applied to
different EM grids, and can be serially processed to fabricate lamellae. Conse-
quently, the target inclusion reproducibility in different lamellae is detrimental
to produce cryo-ET tomograms at different time points.

(IT) Studies towards biomolecular condensation would benefit from precise tar-
geting and high-resolution imaging as the structural changes of forming con-
densates are subtle (Boeynaems et al., 2018; Franzmann et al., 2019; Lasker
etal., 2022; Mathieu et al., 2020). The field of visual proteomics was conceptu-
alized before instrumentation was developed to enable it, and can still benefit
significantly from advances in lamella fabrication techniques Beck et al., 2009;
R. Kelley et al., 2024; Nickell et al., 2006. Increased throughput in creating these
samples enables the combination of relatively lower resolution subtomogram
averages with existing molecular models to accurately identify component
proteins (Lucas, 2023). Additionally, by leveraging super-resolution fluores-
cence microscopy, it becomes possible to visualize protein conformations at
nanometer resolution, allowing for the characterization of single instances
within cells and correlating this with structural data (Berger et al., 2023; Guaita
et al., 2022; Sexton et al., 2022).

Direct targeting from fluorescence imaging is particularly critical in understand-
ing how interactions inside cells take place. For example, when studying dynamic
cell processes, pharmaceutical drug delivery or how pathogens interact with and
manipulate host cell structures. The techniques described facilitate the preparation
of lamellae from specific regions of infected cells, allowing molecular-level studies
of pathogen-host interactions. Exactly this is showcased in the next section, as this is
under active investigation in collaboration with the group of Arjen Jakobi at the Kavli
Institute of Nanoscience in Delft. Furthermore, preliminary data from another col-
laboration with the group of Dimphna Meijer on trans-synaptic protein complexes
studies are also presented.

5.1 ULTRASTRUCTURE OF IMMUNE-DIRECTED GTPASES AROUND INTRACEL-
LULAR PATHOGENS

The immune system employs a multitude of strategies to defend the body against
microbial infections. Among these, the cell-autonomous immune response is the
first line of defense to combat intracellular pathogens, organisms that invade and
replicate within host cells (Randow et al., 2013). A key player in this defense is the
family of guanylate binding proteins (GBPs), which are involved in various host-
mediated immune effector functions in the defense against bacterial pathogens and
parasites (Rivera-Cuevas et al., 2023).

GBP1 has emerged as the central organizer of the antibacterial activity of interferon-
activated GBPs. (Fisch et al., 2020; Kutsch et al., 2020; Rivera-Cuevas et al., 2023; San-
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Figure 5.1: Preliminary data on the ultrastructure of both GBP1-coated, and non-coated cytosolic
salmonella enterica serovar typhimurium (STM). (a) The top image shows the lamella imaged in the
TEM, prepared through fluorescence targeting and monitoring. The two fluoresence channels, acquired
after milling, are overlaid in blue (GFP, STM bacteria) and red (mCherry, overexpressed GBP1). The black
ball is contamination originating from the transfer. The bottom image shows the central region magnified.
(b) The fluorescence recordings acquired after milling (top - mCherry and GFP, bottom - mCherry only).
Of the different salmonella enterica serovar typhimurium (STM) bacteria present, only one (white arrow)
is coated with GBP1 as shown in the bottom image by the ring of mCherry fluorescence enveloping
the bacterium. The arrows facilitate linking the different bacteria to the structural data as shown in (c),
recorded in at 8000 x magnification in the TEM. Scale bars: (a) and (b) 1 um, (c) 200 nm.

tos et al., 2018) by forming supramolecular complexes on the pathogen-containing
vacuoles (PCVs), or directly on cytosol-invasive bacteria. In some case, GBP1 can
contribute to the disruption of the PCVs or bacterial membranes, leading to release of
pathogen-associated molecular pattern but the mechanism has remained controver-
sial until recently. Cryo-EM studies on reconstituted systems have shown that GBP1
assembles on cytosol-dwelling Gram-negative bacteria and lipopolysaccharide (LPS),
where its GTP activity promotes structural changes that disrupt the bacterial mem-
brane to make LPS accessible for binding to inflammatory caspases(Kuhm et al.,
2025), in turn triggering the onset of lytic cell death. While recent studies have
established key aspects of the molecular mechanism of GBP1 activation and mega-
complex assembly(Kuhm et al., 2025), ta full molecular-level comprehension of this
pathway requires in situ structural studies in the native complexity of infected cells.

Here, we illustrate how utilizing the techniques developed in this thesis may
help the further study of these mechanisms. HeLa cells overexpressing mCherry
tagged GBP1 were infected with STM overexpressing green fluorescent protein (GFP).
Lamellae containing (cytosolic) bacteria were milled from the plunge-frozen cells
through fluorescent targeting and monitoring. Through the use of cryo-ET, we can
study the ultrastructure of both the coated, and non-coated cytosolic STM, of which
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preliminary data is presented in Figure 5.1. The lamella overview as acquired in the
TEM is shown in the top image of Figure 5.1a, along with the fluorescent channels in
overlay (blue for STM bacteria and red for overexpressed GBP1). The fluorescence
channels are shown separated from the TEM data in Figure 5.1b, where multiple
non-coated, along with a single GBP1-coated STM bacteria (white arrow) are visible .
The three arrows facilitate linking to the TEM data recorded at higher magnification
as shown in Figure 5.1c. Thus, we can now directly identify the different species in
the tomogram data aiding to resolve the structural differences, which is research
now ongoing at TU Delft. !

5.2 THE STRUCTURE OF SYNAPTIC CELL ADHESION MOLECULES

Proper functioning of the brain relies on the maintenance of accurate neural con-
nections, with synapses acting as vital links. Synaptic cell adhesion molecules (CAMs)
such as Teneurin, Latrophilin, FLRT, and N-cadherin play critical roles in neuronal
development, axon guidance, synaptic assembly, and specificity regulation. Research
into the molecular mechanisms of these CAMs is essential for understanding neu-
ronal recognition at a molecular level. The project as envisioned by Dimphna Meijer
aims to create a versatile and simplified minimal synapse model using chronic myel-
ogenous leukemia lymphoblast (K562) cells. This model will allow to structurally
examine key synaptic CAMs with increasing structural and functional complexity
and explore the potential formation of macromolecular complexes in synaptic trans-
cellular junctions. Through direct fluorescent labeling, targeting and monitoring of
intercellular junctions organized by trans-synaptic CAM complexes, cryo-lamellae
containing these junctions are prepared. They are then imaged through cryo-ET
and utilized in a subtomogram averaging workflow to determine the structure of
trans-synaptic CAM complexes.

A fluorescent label is added through electroporating non-adherent K562 cells
with a Teneurin-4-GFP fusion protein construct. This leads to the formation of cell
clusters, with a distinct GFP signal localized in the cell junction regions, indicating
proper expression, localization, and cell adhesion ability of Teneurin-4 Figure 5.2a.
The clustered cells were then directly applied to a glow-discharged EM grid and
plunge-frozen. Cryo-lamella preparation was performed on cell clusters exhibiting
a strong GFP signal in the junction. Throughout the milling steps, the fluorescence
signal in the junction region was continuously monitored and the final lamellae,
typically around 200 nm thick, contained the junction region marked by the presence
of a GFP signal, see Figure 5.2b.

TEM data was collected on a Titan Krios microscope equipped with a Gatan K3
camera at the NeCEN cryo-EM facility in Leiden. During TEM data acquisition,
tilt-series positions were chosen based on the cellular junction localization in the

This work has been done in collaboration with Clémence Taisne, Wiel Evers and Arjen Jakobi at the Kavli
Institute of Nanoscience in Delft. CT prepared the cellular samples and together with DBB performed
cryo-FIB milling. cryo-ET experiments were carried out by CT and WHE.
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Figure 5.2: Preliminary data on the intercellular junction expansion and protein density between K562
cells clusters expressing Teneurin-4-GFP. (a) Cell clusters with a distinct GFP signal (green) localized in
the cell junction regions. (b) Reflected light image (left) of the lamellae as prepared around 200 nm thick,
containing the junction region marked by the presence of a GFP signal (right). (c) TEM overview image of
the lamella, along with the cellular junction localization (overlay in green). (d) Reconstructed tomogram
slice showing the intercellular junction, having a characteristic junction width expansion and protein
density (red arrow). Scale bars: (a), (b) and (c) 5um, (d) 50 nm.

cryo-lamellae, see the overlay in Figure 5.2c. The reconstructed tomogram slice
as shown in Figure 5.2d shows the intercellular junction, having a characteristic
junction width expansion and protein density, which are likely associated with
Teneurin-4 complexes (red arrow). Going forward we aim to prepare more lamellae
containing the junctions, and acquire multiple tomograms on each lamella. This
will allow to collect enough data for subtomogram particle picking and averaging,
thus building a versatile and simplified minimal synapse model is within grasp.

5.3 OUTLOOK AND VALORIZATION

The system presented has been designed and built in close collaboration with Delmic
B.V. Three identical systems have been constructed and are currently in use in differ-
ent laboratories: (i) the Centre for Microscopy and Microanalysis at the University of
Queensland, (ii) SLAC National Accelerator Laboratory at Stanford University, and
(iii) the Department of Imaging Physics at Delft University of Technology. The differ-
ent groups are working on their own ongoing research in structural biology and are
involved in further developing the technology, but there are challenges that remain
unaddressed. One key concern is the operation time of about 8 to 10 h. Although this
may not be an immediate issue if the maximum number of lamellae obtainable from
a single EM grid is around ten (achievable in a one-day run), it could become limiting
in for example photo-micropatterning of EM grids for site-specific deposition of

This work has been done in collaboration with Leanid Kresik, Joyce Van Loenhout and Dimphna Meijer
at the Kavli Institute of Nanoscience in Delft. LK and JVL prepared the cellular samples and together with
DBB performed cryo-FIB milling. cryo-ET experiments were carried out by LK and JVL.
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cells, where 30 to 40 well positioned cells could yield the same number of lamel-
lae (Toro-Nahuelpan et al., 2020). In such scenarios, extending the operation time
and implementing automated overnight milling could greatly enhance productivity.
Over the past two years, DEMCON Kryoz has continued the development of the
microcooler, extending its uptime to about 80 h. For this to be implemented in-situ,
the system would first need rigorous testing for potential issues such as vibrations,
vacuum compatibility, and drift. As such it could provide a viable improvement, but
still requires a substantial effort and validation.

The long-term robustness of the system also remains an open question. Our
system has been installed and operated for about 48 to 52 weeks in total over the
past 4 years. Based on this, it is difficult to estimate the service intervals for critical
components such as the piezo positioning stage and the microcooler. Another aspect
to consider is the robustness of the individual components and the system as a whole
if this system was to be produced on a larger scale. The microcooler, kinematic
positioning stage, and transfer system remain relatively fragile and require an expert
operator. As the system was designed with a high degree of flexibility in mind, a
design iteration focusing on handling robustness and hardware simplification could
in fact mitigate this.

The current coincident configuration presents another potential drawback as
the objective lens is positioned below the sample. This works well for cells on EM
grids but is incompatible with holders designed for HPF, such as those used in
waffle preparation (K. Kelley et al., 2022). By placing the light microscope objective
lens on the same side as the SEM and FIB lenses this issue could be avoided. Such
configuration would also work well with new techniques like serial lift-out, which
are rapidly gaining popularity (Schigtz et al., 2023; Schneider et al., 2024; Zens
et al., 2024). However, for cells, the current design with the objective below the
sample could still be advantageous due to the flat air-water interface it provides.
In addition, g4STEM only works with the objective lens below the sample thus,
while the presented system provides many advantages, specific scenarios call for
a re-evaluation of its configuration and further development to overcome these
limitations.

The methods described in this thesis can be directly utilized by multiple other
coincident systems which have been developed in recent years, such as the ELI
trifocal microscope and the Arctis Cryo-Plasma FIB from TFS (S. Li et al., 2023; W. Li et
al., 2023; ThermoFisher Scientific, 2024). In addition, Delmic B.V. has developed their
METEOR platform (Smeets et al., 2021), a retrofittable light microscope mounted on
the top side of the dual-beam chamber, using optics similar to those in the system
presented. This platform requires repositioning the sample position stage between
milling and light microscopy imaging. Despite this, the monitoring techniques
described in this thesis can be integrated into the METEOR system (and others like
it) through more advanced software automation.

Looking ahead, there are several avenues for pushing the capabilities of the cur-
rent system. First, by advancing superresolution localization capabilities toward
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superresolution imaging, it can reduce the current resolution gap with cryo-EM
(Berger et al., 2023). Such a correlation could provide unprecedented insight into the
structural and functional relationships within biological specimens. For example,
this would allow for more direct studies of protein-protein interaction networks, or
this combined approach could help visualize the effects of drugs or therapies at the
molecular level within cells (Byron et al., 2015; Subramaniya et al., 2021). It should
be noted that the quantitative astigmatic localization precision of about 10 to 20 nm
using astigmatic localization has still to be shown and relatively sparse labelling is a
requirement.

Secondly, the thickness of the frozen hydrated lamella might be inferred through a
secondary electron yield signature that changes with the thickness of the ice. A key
advantage of this approach is that it is broadly applicable and practical, as it does not
require any additional hardware beyond what is conventionally available in FIB-SEM
systems. To achieve this, a clever detection geometry would need to be designed
along with extensive and validation testing under different (imaging) conditions.
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We have developed an innovative coincident three-beam microscope designed
specifically for sample preparation in the cryo-electron tomography workflow, sig-
nificantly enhancing the efficiency and precision of lamella fabrication. This system
enables direct light microscopy targeting during lamella milling, eliminating the
need for stage repositioning or fiducial markers. The five-channel inverted epi-
fluorescent light microscope allows real-time monitoring of the fluorescence signal
from the lamella during the milling process, ensuring that the target area remains
contained within the lamella. Any misalignment can be immediately identified
and corrected, enhancing the accuracy of the procedure. Cryogenic temperatures
of the sample are maintained through a novel liquid nitrogen-free cooling design,
which minimizes vibrations and drift, and provides an uptime exceeding nine hours.
The entire system is seamlessly integrated into a standard focused ion beam scan-
ning electron microscope, effectively transforming it into a cryo-light microscopy
FIB-SEM system.

As frozen hydrated cells are imaged using an optical objective contained in vac-
uum, a refractive index mismatch is present, and so in addition to the hardware
developments, we have introduced an analytical theory predicting that a depth-
dependent axial deformation is encountered due to this mismatch. The re-scaling
factor can be computed as a function of depth, based on imaging parameters such
as the numerical aperture, the refractive indices of the objective and the sample, and
the wavelength of light used. Wave-optics calculations have validated the theory,
showing excellent agreement between the predicted and observed results and are
further supported through experimental measurements of axial scaling. To facilitate
the use of this theory, we have developed a web applet for users to calculate the
re-scaling factor based on their specific imaging parameters. This is of particular
interest when refractive indices cannot be matched, as is the case in cryo-correlative
light and electron microscopy in general and our integrated FM-FIB-SEM in particu-
lar.

To further improve the sample preparation workflow, we present three methods
to accurately determine lamella thickness during focused ion beam milling, using
the integrated light microscope within the FIB-SEM system. By selecting a scintilla-
tor more suitable for fluorescence microscopy, we applied a previously established
quantitative 4D-STEM technique to the cryogenic lamella fabrication process, show-
ing good agreement with thickness measurements from energy filtered transmission
electron microscopy. In addition, we estimated lamella thickness during milling
based on the known geometry of the milling and imaging setup, which produced
reliable estimates in the range of 400 to 2000 nanometers. Lastly, we exploited thin-
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film interference phenomena on a per-pixel basis to generate detailed thickness
maps of the lamella, providing quantitative feedback on lateral thickness variations.
These estimates were validated against thickness measurements from reconstructed
TEM data, showing excellent agreement.

To increase the lamellae yield, we demonstrate a fluorescent targeting and focused
ion beam milling strategy which corrects for axial distortion caused by refractive
index mismatch when imaging into a frozen cell. Reflective light microscopy is used
to inspect milling sites and eliminate those with parasitic ice beneath the electron
microscope grid. Through a basic communication protocol between the FIB and
fluorescence microscope control systems, we demonstrate automated rough milling
of fluorescent targets. Our methods provide live feedback on the thickness and uni-
formity of the lamella, the integrity of the platinum coating layer, and the presence
of the fluorescent target during the preparation of a lamella from a frozen hydrated
cell. This approach simplifies the milling process and significantly increases the suc-
cess rate of producing lamellae suitable for high-resolution cryo-EM analysis. Our
procedures advance the automation and routine fabrication of frozen-hydrated cel-
lular sections and underscore the potential advantages of coincident FM-FIB-SEM
instruments in the lamella preparation workflow for cryogenic electron tomography,
as is shown by the ongoing collaborative structural biology projects.
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