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Kurzfassung

Array Tomography hat grofles Potential, um die dreidimensionale Struktur von
Proben bis zu Nanometer Grofenordnungen aufzulésen. Dabei wird eine Probe
mechanisch geschnitten um so innen liegende Strukturen freizulegen. Die Schnitte
schwimmen zunéchst auf einer Wasseroberfliche und werden dann auf star-
ren Substraten zur Bildaufnahme abgelegt. Die Flexibilitdt und Vielseitigkeit
der zur Verfiigung stehenden bildgebenden Verfahren ist einzigartig fiir Array
Tomography. Zur Zeit wird eine intensive Nutzung jedoch durch den hohen
Arbeitsaufwand und Anspruch an die Bedienung eingeschrinkt. Existierende
maschinelle Systeme zur Schnittaufnahme schrénken entweder die zur Verfiigung
stehenden Bildgebungsverfahren oder das Probenvolumen ein.

In dieser Dissertation wird ein maschinelles Verfahren zur Schnittaufnahme
vorgestellt, welches die gleiche Flexibilitit und Vielfiltigkeit ermoglicht wie
die konventionelle manuelle Schnittaufnahme. Fluidkanile bilden ein mikro-
fluidisches System mit geringer Reynolds Nummer, in dem sich Schnitte und
Substrat gemeinsam bewegen. Die Fluidkanile formen sich auf der Substratober-
flache durch eine lokale Modifikation der Benetzbarkeit. Die Oberflichenfunk-
tionalisierung wird durch Abscheiden einer hydrophoben Beschichtung und an-
schlieBender Plasmastrukturierung erreicht. Das neu entwickelte System umfasst
eine maschinelle Probenausrichtung, Schnittaufnahme und Schnittiiberwachung.
Die Schnitte konnen auf den fiir Array Tomography iiblichen Substraten abgelegt
und somit mit einer Vielzahl von mikroskopischen Verfahren untersucht wer-
den. Durch die maschinelle Schnittaufnahme konnen grofie Volumen effizient
geschnitten werden, wodurch die Anwedung der Array Tomography in neuen
Forschungsgebieten moglich wird. Die maschinelle Schnittaufnahme ist an zwei
reprasentativen Proben mit jeweils 1000 Schnitten validiert.






Abstract

Array Tomography has a great potential to enable the three dimensional structural
reconstruction of samples across many length scales down to nanometer resolu-
tion. In Array Tomography a sample is mechanically sliced in ultra-thin sections
to expose the inner structures. In the conventional process the sections are freely
floating on a water surface and collected on solid substrates for imaging. The
flexibility and versatility of imaging modalities in Array Tomography provide a
key advantage in scientific research. Currently the amount of work and skill level
to acquire large numbers of sections from extensive volumes limit the application
of conventional manual Array Tomography to further research fields. Machine-
based section acquisition systems are available or have been proposed but each
system either restricts the possible imaging modalities or the sectionable volume.

This dissertation demonstrates a machine-based section acquisition system that
offers the same versatility as the conventional Array Tomography workflow. Fluid
channels are employed, that form in combination with the floating sections a mi-
crofluidic system with a low Reynolds number in which substrate and sections
move in unison. The fluid channels are formed on the substrate surface by a site-
selective modification of wettability. The surface functionalization is performed
by chemical vapour deposition of a hydrophobic coating and plasma induced struc-
turing. The newly developed system includes a machine-based sample alignment,
section collection and section monitoring. The system collects sections on com-
mon substrates that offer the same versatile imaging modalities as conventional
Array Tomography. Sections of large sample volumes are acquired efficiently
which opens new fields of research where Array Tomography can be applied. The
machine-based acquisition is validated on two representative samples from which
each more than 1000 sections were obtained.

il






Preface

To date the largest dense synaptic reconstruction of brain tissue covers a volume of
96 pm x 96 pm x 64 pm. It is clear that this volume does not suffice to reconstruct
the long synaptic connections in more complex and bigger organisms [1]. During
this dissertation an important person in my life was diagnosed with Alzheimer’s,
a brain disease which is still largely not understood by science. My great hope is
that the work on new tools to study our environment will help to improve the life
of people that still suffer from diseases without any known therapy. Reaching for
bigger volumes in Array Tomography bears many challenges. Starting from the
growing imaging time, which requires modified microscopes, to the storage and
automated processing of the acquired data. This dissertation concerns itself with
sample section acquisition prior to imaging. Although this step seems trivial, be-
cause it "simply" involves slicing and collection of sample sections, the challenges
arise from the necessarily incredibly thin section thickness. Improvements and
automation of the section acquisition step have been subject of many scientific
studies. This dissertation hopes to enable a step towards larger volumes and new
fields of application for Array Tomography.
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1 Introduction

This dissertation presents a novel machine-based section acquisition for the Array
Tomography (AT) workflow. Tomography methods have a wide field of appli-
cation from material science to life science. Tomography methods in general
describe a volume by acquiring image sections of the sample. The acquired image
sections are aligned and stacked to provide a three-dimensional representation of
the sample. Array Tomography visualizes the three-dimensional ultrastructure
in samples, which is below the Abbe resolution limit of standard optical micro-
scopes. Through a mechanical slicing process the inner structure of samples is
made accessible to high resolution imaging modalities.

Section 1.1 of this chapter provides an introduction to the origins, applications
and characteristics of Array Tomography. The second Section 1.2 compares Array
Tomography to other high resolution tomography methods. Section 1.3 covers
the motivation for further automation and shortly describes the section handling
problem which is a key challenge. Section 1.4 describes the objectives in more
detail and how the presented machine-based section acquisition is distinct from
previous approaches.

The structure of the introduction follows the overall structure of the dissertation
and references to chapters which discuss topics in more detail. Chapter 2 covers the
available and proposed solutions for the section acquisition in Array Tomography.
The developed methods and materials are described in Chapter 3. The last
Chapter 4 discusses the results in general as well as exemplary on two case studies
and provides an outlook.



1 Introduction

1.1 Introduction to Array Tomography

As tomography implies, the focus of Array Tomography is the study of samples in
all three dimensions. The terminology refers to an arrangement of serial sample
sections in a spatial "array" on a planar solid surface. While "tomography",
from ancient Greek "tomos" as "slice" and grapho as "to describe", refers to
the reconstruction of a three-dimensional structure from two-dimensional image
"slices" [4].

Sample Preparation E Section Acquistion ->

staining, fixation, imaging, registration,
embedding segmentation
Tomography by + Array Arrangement
Ultramicrotome Sectioning I of sections on carrier
substrate
’
Seruon R xRz ex R
Rz zxx ==
BOOOOO0
Rz xr=r=zn =
knife Rz zxex ==

Figure 1.1: Array Tomography process with a schematic depiction of the two characteristic steps.
"Tomography" meaning a slicing of the sample and "Array" from the arrangement of the
slices in an array on a carrier substrate used for imaging.

Array Tomography originates from ultramicrotomy and is as such a sample prepa-
ration method for high resolution imaging. In principle, Array Tomography
uses ultramicrotomy to mechanically slice an object into thin sections. Obtained
section arrays are imaged and finally recombined to derive a three-dimensional
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computer model. The key strength of Array Tomography is its versatility, as it
"encompasses light and electron microscopy modalities that offer unparalleled
opportunities to explore three-dimensional cellular architectures in extremely fine
structural and molecular detail" [4]. The term Array Tomography describes the
complete process from sample preparation to acquisition of sections and finally
imaging of sections and recombination to a three dimensional model. Figure
1.1 shows the characteristic steps of the section acquisition in the context of the
complete Array Tomography process.

Array Tomography was first proposed by Micheva and Smith in 2007 as a new
tool to visualize the ultrastructure of neural circuits [5]. The principle is to collect
large numbers of serial sections and thus increase the scope for 3D reconstruction
compared to previous methods in ultramicrotomy. In order to correctly reconstruct
the three dimensional structure from the two dimensional image information of
each section, it is important to preserve the sections in the correct order during
the acquisition process. The acquisition of large numbers of serial sections is a
crucial aspect in Array Tomography and also objective of this dissertation. An
overview of existing section acquisition approaches is given in Chapter 2.

The collection of small sets of serial sections on TEM grids for three dimen-
sional reconstruction is well known and referred to as serial-section Transmission
Electron Microscopy (ssTEM) [6, 7]. Although Array Tomography might apply
to all forms of serial-section microscopy, including sSTEM, the terminology is,
according to Smith, restricted "to arrays placed on stable solid substrates such
as glass coverslips, flexible tape, or silicon wafers, as opposed to the open grid
slots or delicate, ultra-thin electron-transparent support films required for sSSTEM
imaging" [4].

The samples suitable for Array Tomography range from material science to life
science [4, 8]. A certain rigidity of the samples is necessary as the sections are
formed through a mechanical slicing process. This often requires a pretreatment
and embedding in a support matrix of epoxide resin especially for biological
samples. Cutting of very hard samples such as metals and even ceramics is
possible [9].
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Array Tomography relies on ultramicrotomy as the majority of high resolution
imaging methods in Electron Microscopy (EM) or Light Microscopy (LM) only
provide structural information from small volumes or — in some cases — only the
topmost layer or surface of a sample. In cases where the region of interest is not
directly accessible on the surface or the sample is too thick to be penetrated by
the selected imaging method, a sample preparation method like ultramicrotomy
is required.

Ultramicrotomy makes structures deep in a sample accessible for later imaging
by mechanically slicing the sample into sections and preserving them on a carrier
substrate. Ultramicrotomy is the branch of microtomy used to obtain ultra-thin
sections. The term ultra-thin is not well defined and this dissertation uses the
definition of sections with a thickness smaller than 200 nm [7, 10]. The sectioning
of the sample is performed with a very sharp physical knife edge. The knife is
typically made of a sharp polished diamond having almost atomic thickness and
a radius of curvature of 0.8 nm to 1 nm at the edge [10, 7]. The sections have
a typical thickness in the range of 50 nm to 200 nm and then expose the before
hidden structures on their surface. Ultramicrotomy was first used to prepare
samples for Transmission Electron Microscopy (TEM), where ultra-thin sample
sections are required that can be penetrated by the electron beam. Nowadays also
SEMs are used to image ultra-thin sections. SEMs allow thicker sections as a
penetration of the electron beam is no requirement. The imaging benefits however
from the fact that electrons can quickly dissipate in the carrier substrate and thus
ultra-thin sections of the usually non-conductive sample material prevent charging.
The capability of three dimensional reconstruction with native ultramicrotomy is
limited as it works with a small set of not necessarily ordered sections deposited
on TEM-grids. Details of the sectioning process in ultramicrotomy can be found
in Section 2.1.4.

Ultramicrotome sectioning is used in Array Tomography to obtain section ribbons,
by successively attaching sections to each other. These section ribbons are floating
on a water surface contained by a trough mounted adjacent to the knife. The
handling of ribbons is advantageous, as they already contain multiple sections
in determined order, which can be manipulated as a unit. For the reasons of
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the limited deposition space and work intense handling of TEM grids, solid
carrier substrates such as pieces of silicon wafer are used in Array Tomography.
Multiple ribbons are arranged in an array like structure and deposited on the
carrier substrate, as seen in Figure 1.1. This section acquisition principle defines
the term "Array Tomography".

Ultramicrotome sections have a thickness of only a fraction of the wavelength of
visible light. This still makes actually transparent sections visible in vibrant colors
with conventional microscopes because of light interference. The interference
color depends on the section thickness and is used by operators to monitor the
sectioning process. A description of these interference colors as a means to
interpret the section thickness is given in Section 2.1.6. A picture of section
ribbons with different interference colors floating in the water trough of a knife is
shown in Figure 1.2.

Figure 1.2: Picture taken through the microscope of an ultramicrotome. The picture shows freely
floating sections in the water trough of an ultramicrotome knife. Blue interference colors
occur for 200 nm and silverish/golden colors for 80 nm to 100 nm thick sections. The last
section ribbon is still attached to the diamond knife. The sections have a width of approx.
800 pm.
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After an array of sections is obtained, the section can be imaged on the carrier sub-
strate in subsequent imaging steps on external instruments. The obtained images
are aligned, stacked and segmented to generate a three dimensional representation
of the sample.

The selection of the carrier substrate defines the applicable imaging modalities.
Solid carrier substrates cannot be penetrated by a TEM electron beam, as it is
originally used to image ultra-thin sections. Therefore high resolution imaging
is often performed by Scanning Electron Microscopy (SEM) for which sections
on silicon wafers are well suited. Despite TEM offering the highest electron
microscopic resolution, SEM resolution is still adequate for a wide range of
scientific applications and a recently developed hybrid variant AT-TEM enables
TEM imaging by a film transfer from the solid carrier substrates [4, 11].

Nevertheless it is the versatility of applicable imaging methods, that is a key
strength of Array Tomography. Sectioning and imaging are performed on two
different instruments with the substrate as a carrier which can be loaded into a
variety of microscopes. The sections are preserved on the carrier substrate and
thus it is possible to re-image them with different imaging modalities. These
modalities can for example also include the application of post slicing staining
methods and allow correlative imaging approaches.

Targeting the location and orientation of a desired region of interest is a well
known problem in microscopy. The time spent for targeting can be greatly re-
duced by using Light Microscopy (LM) or Fluorescence Microscopy (FM) to
locate the regions of interest inside the sample [12]. The application of mul-
tiple imaging techniques on the same sample is sometimes also referred to as
Correlative Array Tomography (CAT). Correlative techniques allow for example
the targeting of ROIs by fluorescence markers [1], to link functional information
derived from fluorescent markers to their structural localization [13] or the com-
bination of complementary information for the segmentation and identification of
sample components [14]. Further image modalities include for example the super-
resolution imaging of Stochastic Optical Reconstruction Microscopy (STORM)
and Stimulated Emission Depletion Microscopy (STED) [15].
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The versatility of imaging modalities distinguishes Array Tomography from other
highly integrated tomography methods such as Serial Block-Face Scanning Elec-
tron Microscopy (SBF-SEM) or Focused Ion Beam Scanning Electron Microscopy
(FIB-SEM). This versatility comes to date with a plus in required manual work
and expertise of the operators. A comparison of Array Tomography to other high
resolution tomography methods is provided in the following Section 1.2.

1.2 Distinguishing Features from other High
Resolution Tomography Methods

This section compares Array Tomography to two other well established methods
for high resolution three-dimensional reconstruction, Serial Block-Face Scanning
Electron Microscopy (SBF-SEM) and Focused Ion Beam Scanning Electron Mi-
croscopy (FIB-SEM).

Likewise as for Array Tomography, the study of neural circuits has also been a key
interest in the development of SBF-SEM demonstrated by Denk and Horstmann
in 2004 [16]. FIB-SEM was first used in the semiconductor industry in the 1980s
and later introduced to the study of materials and life science samples [17].

Both methods make inner structures of the sample accessible by successively
removing the topmost layer of the sample. A SBF-SEM is basically an ultra-
microtome mounted inside a SEM chamber. The diamond knife is used to cut
the sample and subsequently exposes deeper structures, while the cut sections are
discarded and only the block-face is imaged. A FIB-SEM is a dual beam system,
where the ion beam is used to mill a sample and exposes a new cross section.
Whereas the electron beam is used to scan the cross sections.

SBF-SEM and FIB-SEM offer highly automated acquisition methods. The acqui-
sition of sample sections in Array Tomography to date is also in machine-based
acquisition far less automated and requires supervision. The high integration level
of SBF-SEM and FIB-SEM limits however the imaging modalities compared to
Array Tomography. Access to the inner sample structures is provided only very
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briefly and inside the vacuum chamber of a specialized SEM. In Array Tomo-
graphy the sections can be imaged in various standalone microscopes which offer
light and electron based imaging or spectroscopic methods. In SBF-SEM and
FIB-SEM the removed sample material is permanently lost. This prohibits the
re-imaging of sample sections with heavy-metal poststaining or immunolabeling
for Fluorescence Microscopy, which are established in Array Tomography as the
sections are preserved on solid substrates. Array Tomography enables also correl-
ative approaches where the information of differently obtained images is included
in the reconstruction [5, 18, 19, 20].

Charging effects due to the electrons not dissipating in a non-conductive sample
material can cause problems during the imaging and limit the acquisition speed.
The ultra-thin sections on conductive substrates in Array Tomography allow a
quick dissipation of introduced charges. Acquired sections can also be imaged in
multiple instruments in parallel to further speed up the acquisition process. In
SBF-SEM and FIB-SEM sample material remains underneath the surface that is
imaged. For non conductive samples a risk of charging during the SEM operation
must be addressed by a lower vacuum or increased cycle times [16]. Because of
the longer acquisition cycles FIB-SEM and SBF-SEM target smaller volumes for
reconstruction compared to Array Tomography [18].

Array Tomography requires that the sample produces well-defined sections when
being cut without delamination or destruction of the structures of interest by the
mechanical cutting process with a diamond knife. This generally requires that
the sample is not too soft and can require sample pre-treatments. Further the
sections show a noticeable compression along the cutting direction which must
be considered in the reconstruction. In SBF-SEM delamination and compression
are a smaller problem as the block face is imaged which provides more structural
integrity. In FIB-SEM neither delamination nor mechanical influence of section-
ing is present but the ion beam milling causes a thermal influence that may cause
sample degeneration. For this reason, sensitive samples must also be fixated,
stained and embedded in resin [7, 16, 17].
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The thickness of the sample sections defines the z-resolution of the reconstruction.
Array Tomography requires the formation of well-defined sections as they are
collected for imaging. This limits the z-resolution to 60 nm to 80 nm depending
on how well the sample can be sectioned. The z-resolution is better in SBF-SEM,
with 20nm to 25 nm as the block face is imaged and no requirement for well
defined sections exists. A nanometer z-resolution is possible with the ion beam
milling in FIB-SEM [5, 7, 17, 18].

Itis not possible to give a general statement which tomography method is superior.
Destructive tomography methods are useful if the sample is difficult to section
and sample loss can be tolerated. The high amount of manual work in Array
Tomography is justified by the versatile imaging modalities, which are unmatched
by destructive methods [4, 5]. A combination of methods such as FIB-SEM
on ultramicrotome sections has also been demonstrated [21]. Mainly the large
amount of manual work and expertise currently limit the application of Array
Tomography in scientific research. Thus, the need for further automation of the
serial section acquisition in Array Tomography arises which is the motivation for
this dissertation.

Table 1.1: Comparison of the three commonly used tomography techniques used in life and material
science

Feature SBF-SEM FIB-SEM AT

Post imaging not possible not possible possible

Mech. influence  less present none present
Thermal influence none beam damage none

Depth resolution  20nm to 25 nm <10nm 60 nm

Imaging modali- SEM SEM SEM/LM/FM/...
ties

Integration level ~ high high low

automation high high low




1 Introduction

1.3 Motivation

Although Array Tomography is a versatile tool, the achievable results in terms
of quality and scope depend significantly on the operator. A high skill level and
training is required during the sophisticated steps of instrument setup, section
acquisition and process monitoring. The workflow is very demanding, as it
requires the operator to focus on the task and muscles need to remain tensed
during the extensive manual manipulation tasks in the micrometer range. To
master Array Tomography, many years of experience are required and operators
with these skills are getting more and more difficult to find. This is the motivation
to bring the Array Tomography workflow closer to an automated solution, as the
high amount of manual labor to acquire large sets of serial sections to date limits
the application as a scientific research tool.

An analogy which is used between ultramicrotomists is helpful in understanding
the challenges of Array Tomography by transferring the dimensions into a realm
that is easier accessible to intuitive understanding. Acquiring ultramicrotome
sections is comparable to ordering loose pages of a book floating on a water
surface. The loose book pages resemble the sample sections. The original book
holds the information in a similar way, as the sample does prior to the slicing. As
with a book, the information of each individual section must be recomposed in
the correct order to reconstruct the intrinsic information. The handling is difficult
because the cross section provides no rigidity as the lateral dimensions are orders
of magnitude bigger compared to the thickness. The surface tension dominates
the form of the pages, so by simply picking up the sections, they fold and rupture.
To transfer the aspect ratio to the book analogy, with a typical page thickness of
100 pm, the pages would have lateral dimensions of more than three meters. In the
world of Array Tomography the section handling is accomplished by a handheld
toothpick with an attached eyelash as described in detail in Section 2.1.5. This
technique can be compared to trying to arrange the floating book pages through
pushing and pulling with a stick. Applying too much pressure will damage the
pages. Flow and turbulence of water and air cause already arranged pages to
change positions. The arrangement has to be performed for hundreds of pages
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1.3 Motivation

without loosing track of the correct order. For section acquisition in Array
Tomography these tasks are performed with micrometer precision and handheld
tools.

It is not just the section acquisition that challenges the operator. During the
instrument setup the sample has to be advanced to the knife edge. This also
includes a complete alignment of the sample front face, the so called block face,
to the virtual cutting plane in all three dimensions. These tasks are performed
with sub micrometer precision only by visual interpretation of a light reflection on
the sample block face as described in Section 2.1.3. The sectioning process itself
is supervised by visual interpretation of the interference colors of the floating
sections. The correct thickness and variations in the cutting process must be
detected by small and subjective color changes as described in Section 2.1.6.

People having the required skill and calmness to handle these microscopic objects
need to undergo excessive training and are difficult to find. Further, the acquisition
process is very prone to human error and it is easy to loose single or multiple
sections for later reconstruction. Moreover, incorrect operation can easily damage
the expensive and fragile diamond knife or the instrument itself. These factors
currently limit the application in scientific research despite the unmatched image
modalities that Array Tomography offers.

Recently many new methods have been proposed to automate the section acqui-
sition for Array Tomography [4, 22, 23, 24, 25, 26, 27, 28]. Each of the proposed
methods has its unique benefits and limitations in terms of reliability, volume
and feasibility which are discussed in detail in Section 2.3.2. Bringing together
the versatility in available image modalities offered by conventional Array Tomo-
graphy and a highly automated and reliable section acquisition process to extend
the possible applications, is still subject of ongoing research and motivation for
this dissertation.

11



1 Introduction

1.4 Objective

Array Tomography offers great potential to enable new scientific insights in the
ultrastructure of large volumes. This potential is currently limited by a number
of described restrictions that restrain its application. New fields of research can
be claimed by making bigger sample volumes accessible for Array Tomography.
The objective of this dissertation is to overcome these restrictions and to make
the analysis of bigger volumes easily accessible through novel methods and a
higher degree of automation. The requirements of an automated solution for
Array Tomography are:

* Integration into an existing ultramicrotome.

* Reduction of the skill level required for operation.

» Reduction of operator influence on the section quality.

 Reduction of manual workload.

¢ Increase of section acquisition reliability.

¢ Increase of the number of sections that can be acquired economically.

* Prevent damage to the instrument by incorrect operation.

e Enable the automated imaging in microscopes.

 Sustain the versatility of imaging modalities by conventional Array Tomo-
graphy.

By means of automation the workload on the operator is reduced and the relia-
bility of section acquisition increased. In Array Tomography this requires a new
methodology for a machine-based process in the sophisticated steps of:

e Sample alignment and advance (Section 3.1)
» Section acquisition (Section 3.2)

e Section monitoring (Section 3.3)

12



1.4 Objective

The new methodology is integrated into an ultramicrotome (Section 4.1) and
the performance is evaluated on two case studies where in each more than 1000
sample sections are acquired (Section 4.2).
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2 State of the art

The following sections describe and analyse the state of the art in Array Tomo-
graphy and build the basis for the developed methods and realized system. The
chapter begins in Section 2.1 with the conventional Array Tomography workflow
proposed by Micheva and Smith which requires extensive manual labor during
section acquisition. Tools and modified workflows are presented that support
the operator in the manual collection and allow the collection of intermediate
sized sets of serial sections (100-1000 sections). The second Section 2.2 presents
commercially available solutions for the automated section acquisition. The third
Section 2.3 lays down the possible solution space proposed in literature for the
section acquisition divided into key tasks.
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2 State of the art

2.1 Conventional Section Acquisition for Array
Tomography

The conventional Section Acquisition for Array Tomography uses ultramicrotome
sectioning and employs special section collection techniques to deposit the sec-
tions on solid substrates [S]. The ultra-thin sample sections are obtained by
ultramicrotome sectioning with a diamond knife. Ultramicrotomy is a sample
preparation method that cuts a sample into ultra-thin sections for subsequent,
typically electron microscopic, imaging methods. In cases where the region of
interest is not directly accessible on the sample surface and the sample is too thick
to be penetrated by the selected imaging method, a sample preparation method
like ultramicrotomy is required. Microtomy comprises methods for obtaining
sections of a sample by cutting. The word originates from ancient greek "micro"
as "small" and "tomy" as "to cut". Ultramicrotomy is the branch of microtomy
that cuts ultra-thin sections.

2.1.1 Instrument and Tools

In this section a description of the main instrument and the tools for the section
acquisition in Array Tomography is provided. An illustration of a setup suitable
for Array Tomography is shown in Figure 2.1.

The instrument used to section ultra-thin sections is the ultramicrotome. The
working principle of ultramicrotomes is similar to conventional microtomes, with
modifications that allow the high precision sample advance required for cutting
in the nanometer range. First ultramicrotomes accomplished this advance by a
controlled thermal expansion. Today’s ultramicrotomes use a cantilever system
with precision bearings to allow nanometer feed over up to one millimeter cutting
ranges [29].

The sample is mounted in a specimen holder. Specimen holders are changeable
and designed to fit the sample dimension. The knife stage sits in front of the
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top light
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(not visible) (2 rot. axes)

Figure 2.1: Side-view of an ultramicrotome with annotations of the main components. The arm
motions are indicated with dashed blue lines.

sample and can be rotated along the vertical axis as well as moved back and forth.
The face of the sample block facing towards the knife is called block face and
defines the shape of the sections [7]. The specimen holder is affixed to the arc-
segment holder. The arc-segment has two rotational axes for sample alignment.
The rotational axes include the rotation along the arm axis and the rotation along
the axis of the knife edge. These four axes are used to align and advance the
block face to the virtual cutting plane of the knife as described in Section 2.1.3.
The specimen arm performs the cutting motion and advances the sample. The
sectioning is described in more detail in Section 2.1.4. The knife stage holds the
sectioning knife and also contains a back light that illuminates the back facet of
the knife. The knife consists of a knife trough filled with water and a diamond
knife edge used for sectioning. The sections are collected from the water surface
inside the knife trough as described in Section 2.1.5.
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2 State of the art

An established manipulation tool in ultramicrotomy is a thin hair, typically an
eyelash, attached to toothpick. The toothpick is handheld and passes the hand
motion to a nearly point sized tip of the eyelash. Forces transmitted by physical
contact can be adjusted precisely due to the flexibility of the hair. Also the water
surface can be manipulated as the hair creates a water meniscus when it comes in
contact with the water surface.

To monitor the sectioning process, a top light is fixed above the specimen arm
to observe the sections in the reflection on the water surface as described in
Section 2.1.6. A stereo microscope is mounted in front of the ultramicrotome
facing towards the knife trough and sample holder to magnify the microscopic
objects.

2.1.2 Sample Trimming

A small size and suitable shape of the sample block are requirements for a proper
sectioning of the sample. To fulfill these requirements, trimming of the sample is
necessary. The trimming usually also ensures that the region of interest sits just
below the block face, so that it is quickly sectioned.

For Array Tomography the samples are typically embedded in epoxide resin as a
formation of ribbons is desired as described in Section 2.1.4. For a smaller block
size, the excess resin is usually in a first step trimmed with a razor blade. Then
special trimming knives can be used to trim the sample mounted in the ultra-
microtome or the trimming can be performed in an external trimming device [7].

Trimming ensures that the sample is centered inside the block face. This is
required for the reconstruction and sectioning. A smaller block face generally
shows less compression of the sections [7]. An imperfect trimming may also
cause damage to the knife edge when sections are being pulled back over the knife
edge [7].

18



2.1 Conventional Section Acquisition for Array Tomography

For a good sectioning the trimming must ensure that,

o Left and right side of the block are equal in length to form a straight ribbon.

e The block face separates the previous section over the complete length
from the knife edge. Therefore lower and upper side of the block face must
match.

After a sample is trimmed, the block face can be advanced to the sectioning knife
as described in the next Section 2.1.3.

2.1.3 Manual Sample Alignment & Advance

Despite being made of diamond, the fragile knife edge is easily damaged by
collisions or the sectioning of too thick sections. This requires, that the sample
block face must be aligned and advanced to the virtual cutting plane of the
diamond knife before the sectioning starts [7]. For manual alignment and advance
a challenging visual interpretation of a reflection is used. The procedure requires
multiple iterations and targets a final distance of the sample block face to the
virtual cutting plane of less than 1 pm. An operator error during this procedure
might cause damage to the expensive diamond knife.

The degrees of freedom in the knife stage and arc-segment allow for alignment
correction in three rotational axes and sample advance. The stage contains a back
light that illuminates the back facet of the sectioning knife. The operator observes
the reflection of the back light on the block face through the stereo microscope.
When the inclination of the stereo microscope is correctly set, the reflection of
the back light is visible as a band of light. A detailed analysis of the light path
is provided in Section 3.1. By manually moving the specimen arm up and down,
the operator observes the reflection change. This information is used to stepwise
adjust the rotation of each axis to align the block face to the virtual cutting plane.
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Figure 2.2: Diffraction colors visible in the vicinity of the knife edge for a diminishing gap between
block face and knife edge. The back light is reflected on the block face and passes through
the gap between sample and knife edge. The knife edge is slightly misaligned to the
sample block face and the decreasing gap creates a rainbow like color pattern. On the left
side a blue hue is visible before the light vanishes completely. A gap is still present on the
left side but too small to allow light to pass. The correct identification of these reflections
can be difficult for operators.

The procedure for block face alignment was described in 1977 by Gorycki [30]
in four steps:

1. Aligning the horizontal edges of the block face to the knife edge.
2. Aligning the knife edge parallel to its reflection in the block face.

3. Tilting the arc-segment to make the block face parallel to the direction of
sectioning.

4. Bringing the knife edge as close as possible to the aligned block face so that
sectioning can begin quickly.

The first three steps need to be repeated multiple times because each correction
influences the other adjustments. During the adjustments the sample is manually
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2.1 Conventional Section Acquisition for Array Tomography

advanced repeatedly as precise perception during the first three steps is only possi-
ble in proximity to the knife edge, while adjustments require a safe distance. Very
fine differences require a narrow gap of less than 1 pm between sample and knife
edge to observe diffraction colors as visible in Figure 2.2. With these diffraction
colors an alignment and advance with a deviation of less than 1 pm over the com-
plete block face from the cutting plane can be achieved. Identifying necessary
corrections to the instrument is the challenge of this technique, especially when
multiple alignment errors are present simultaneously. Other structures on the
instrument, for example the lower facet on the diamond knife, reflect light as well.
This creates multiple reflections on the block face and the operator has to identify
the correct reflection of the knife facet.

The remaining distance between block face and cutting plane must be bridged
with empty cuts until the knife sections the sample. This distance should be
kept as small as possible and the alignment performed as precise as possible. A
significant deviation does not only increase the waiting time but also causes a loss
of sample material due to incomplete sample sections [7, 30].

2.1.4 Sectioning

After the initial advance of the sample to the cutting plane is completed, the
sectioning process can start. The sectioning process removes the first layer of the
sample block face with the help of a physical knife edge. In Array Tomography
typically diamond knives are used because of their superior sectioning quality.
The knife is mounted in a trough filled with water and the sections float on the
water surface.

The specimen arm performs the cutting motion and sample advance in the sec-
tioning process. The downward motion is used to cut the sample, while during
the upward motion the arm retracts to bring the sample back above the knife. The
retract maintains a safe distance to the knife during the upward motion and thus
prevents possible damage by a collision. After the arm is moved up, the advance
system moves the arm forward by the selected section thickness. When the sample
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passes the knife in the following downward motion, a section of the sample is
formed by removing the first layer of the sample block. The cutting motion and the
sample feed are fully automated, so that the ultramicrotome can perform a series
of cuts without user interaction. The arm speed during the sectioning, typically
close to 1 mism differs greatly from the speed during the retraction, which can be
as high as 100 me [7, 31]. The instrument performs the speed transition based
on a cutting window, which the operator has to set manually and is compared to
the encoder position of the specimen arm.

The claimed section thickness in ultramicrotomy lies in the range from 8 nm to
200nm [7, 32]. For Array Tomography the section thickness determines the z-
resolution of the reconstructed model. The section thickness can also influence the
imaging process, for example in SEMs thinner sections allow a quicker dissipation
of electrons in the carrier substrate. The achievable section thickness is limited
by the following factors:

» Compressability and homogeneity of the sample

Quality of the knife edge

e Thermal stability of the ultramicrotome

e Mechanical precision of the ultramicrotome

For the Array Tomography process it is important to reliably obtain well defined
sections. The thinner the section the higher is the risk of an imperfect cut or a
delamination of structures inside the sections. Therefore the optimal section thick-
ness in Array Tomography is a compromise between reliability and z-resolution
of the reconstruction. A section thickness of 100 nm is typically used [4, 33].
A practical minimal limit is around 60 nm thickness but strongly depending on
sample properties [13, 19]. Very inhomogenous or not well embedded samples
may require a section thickness of 200 nm to prevent delamination as described
in Section 4.2.

Ultramicrotome sections show a variation in thickness due to instrument, process
and environment related influences. The thickness variations can be introduced
by vibrations, thermal drift, relaxation processes in the sample material, a poor
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2.1 Conventional Section Acquisition for Array Tomography

mounting of the sample, remaining backlash of the system, calibration state of the
instrument, sharpness of the knife and incorrect cutting parameters, as too high
cutting speed tends to fracture hard samples [7, 34]. The thickness variations
are created by a displacement of the knife or sample and can occur in between
subsequent sections or within a single section. The variation between sections is
typically bigger than the variation within a section [35]. The often periodic thick-
ness variation within sections is referred to as chatter or chatter marks. Chatter
marks are perpendicular to the cutting motion and a common problem in me-
chanical material processing [36, 37]. Variations in the section thickness have
a negative impact on the imaging process by influencing the penetration of the
electron beam and cause artefacts in obtained images [34]. In Array Tomography,
thickness variations between sections cause a distortion during the reconstruc-
tion. It is therefore required that the operator monitors the section thickness and
takes countermeasures as soon as possible during the sectioning process, such
as reducing the cutting speed to minimize possible chatter. Thickness variations
can be visibly observed while the sections are still floating on the fluid surface as
described in Section 2.1.6.

The sections float on a fluid contained in the knife trough wetting the knife up to
the knife edge as displayed in Figure 2.3A. The fluid has two important tasks in
the sectioning process:

1. Through capillary forces the fluid forms a thin film on which the section
slides away from the knife edge during sectioning.

2. The fluid surface acts as a buffer after sectioning from which sections are
collected onto carrier substrates.

For the trough fluid to assist during the sectioning process, the fluid level is
a crucial parameter that must be correctly set and continuously controlled. A
too high level causes wetting of the block face, as the fluid is picked up by the
block face during the sectioning process. A too low level causes improper section
formation because the fluid is dewetting on the knife and sections stick on the
knife face. Sections need to be removed manually from the knife, as drying of
sections on the knife can cause permanent adhesion, which renders the part of
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the knife edge inoperable [7]. The optimal fluid level for sectioning is specific
to the sample and lies within the extremes of block face wetting and knife edge
dewetting. A practice to find the correct fluid level is according to Hayat [7] to
overfill the trough and then remove fluid until a slightly negative meniscus forms,
but the knife edge does not start dewetting. The sectioning is then performed and
the fluid level increased until the sections slide smoothly away from the knife.
The level of the trough fluid might decrease through evaporation over time. The
fluid level must therefore be monitored by the operator or by an automated fluid
level control system [29].

For the trough fluid to act as a buffer for sections after sectioning, further
properties are important. The fluid’s surface tension stretches the sections and
thus preserves the shape of the sections. At the same time, the surface tension
must be low enough to not rupture the structures within sections. The trough fluid
should not wet the section to allow the section to float on the surface.

Hayat [7] describes the most desirable characteristics of the trough fluid as that
it should:

* Not damage the sample

* Easily wet the knife up to the knife edge

e Act as a release agent and separate the section from the knife facet

* Reduce the force necessary to move the section away from the knife edge
e Absorb the heat generated as the section rubs on the knife facet

» Eliminate electrostatic charges that accumulate during the cutting process
as attractive forces cause sections to fold

¢ Have a moderate surface tension
¢ Not wet the section

* Not damage any materials present in the trough.

At room temperature the most common trough fluid is distilled water as it fulfills
all of the requirements satisfactorily. The high surface tension of water prevents
wetting of the block face and allows sections to float on the surface. Also the
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2.1 Conventional Section Acquisition for Array Tomography

surface tension is high enough to stretch the sections and preserves the shape.
The low viscosity of water allows sections to slide along the knife facet and
on the water surface and prevents section compression. Water does not wet the
most commonly used epoxy resins and is not a strong solvent that would dissolve
most samples [7, 38]. Other trough fluids are mainly used for the sectioning
below the freezing point of water, also referred to as cryo-ultramicrotomy. Cryo-
ultramicrotomy can be done like conventional ultramicrotomy with a trough fluid
that freezes below the used temperature during sectioning [39]. The most common
trough fluids for cryo wet sectioning are a Dimethyl sulfoxide (DMSO) solution
and ethylene glycol [7].

@) Sectioning (Side-view) (® Sectioning (Top-view)
cutting specimen last cut section knife edge
motion holder
sample
block face

section ribbon

/

trough fluid
ideal ribbon curved ribbon
knife edge position position

knife trough

Figure 2.3: A) Formation of section ribbon by successive attachment of new to previous sections.
B) Section ribbon curvature caused by imperfect trimming or compression.

To facilitate section collection in Array Tomography, sections are cut in a way that
allows the formation of section ribbons as shown in Figure 2.3A. Section ribbons
contain multiple sections in defined order which can be manipulated as a unit.
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Stable ribbons are obtained by the application of adhesive or contact cement on
the side faces of the sample block [5, 12, 40]. The attachment of new sections to
the ribbon causes a natural motion of previous sections away from the knife edge
as depicted in Figure 2.3B. Due to compression or imperfect trimming, unequal
sides of the sections can cause a curvature of the ribbon, which can be more or
less dominant. A calculation of the ribbon curvature is provided in Appendix A.2.

After the ribbon is sectioned, it is floating on the water surface and needs to be
collected as described in the following Section 2.1.5.

2.1.5 Manual Serial Section Collection

In Array Tomography large numbers of serial sections are collected on solid carrier
substrates. This requires that the floating section ribbons are transferred from the
water surface onto the carrier substrates. The carrier substrate is placed inside the
knife trough and partly immersed in the water as illustrated in Figure 2.4A. Array
Tomography is a versatile method which allows the selection of carrier substrates
depending on the chosen image modalities. The most common substrate types
are silicon wafer, glass cover slips and indium tin oxide (ITO) coated cover slips.

The last cut section attaches to the knife edge. The attachment force comes from
a burr of material that wraps around the knife edge as depicted in Figure 2.3A.
This force can be higher than the binding force between sections and makes it
difficult to remove a ribbon of sections from the knife edge [41]. If the adhesion
to the knife is low enough, sections can be pulled away from the knife with help
of the eyelash tool. To lower the adhesion the eyelash tool can be used to gently
stroke along the back of the knife edge as illustrated in Figure 2.4B. The sweeping
removes the burr and can lower the adhesion sufficiently, so that it detaches from
the knife [7, 40]. A wrong use can damage the knife edge if too much shearing
stress is transferred to the edge. Also the sections are easily damaged or stick
to the eyelash which causes an irreversible section loss. It is also reported that
the release of the ribbon from the knife edge can be accomplished by raising the
water meniscus on the knife edge [40].
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Figure 2.4: Operator performing the tasks to collect serial sections on a piece of silicon wafer from
Spomer [41]. A) Knife with immersed substrate and handheld manipulation tool to collect
a section ribbon. B) A ribbon is separated from the knife edge by a stroking motion.
C) Dragging of a section ribbon. D) Pinning of the end of a section ribbon to immobilize
it during the deposition.

The typical position manipulator for section ribbons in Array Tomography is
the eyelash tool. Through physical contact of the eyelash onto the sections, as
shown in Figure 2.4C, the position of the ribbon can be changed by pushing and
pulling [7]. The handling of the eyelash is a delicate operation as the sections are
easily damaged by contact. Another method to change the ribbon position is by
striking through the water in proximity to the ribbon. This causes small water
currents that change the ribbon position. The method is less precise and requires
more time but safer as physical contact to the section is avoided.

The sections are deposited on the carrier substrate by retraction of the water
between section and substrate. The sections should settle on the substrate without
wrinkles to obtain well defined sections for reconstruction. The problem of
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section wrinkles is associated to the receding contact angle of the water meniscus
on the substrate [11, 27]. For a deposition without wrinkles the receding contact
angle should be small and thus the surface of the carrier substrate hydrophilic.
Hydrophilic carrier substrates are typically created by a glow discharge [7]. The
plasma treatment creates polar OH-groups on the substrate surface that increase
the surface free energy and thus wettability. The plasma treatment is performed
shortly before the substrate is immersed in the knife trough as the effect decreases
over time.

For the deposition on the carrier substrate the ribbon is pushed towards the
interface of the substrate and the water as shown in Figure 2.4D. On contact of
the beginning of the ribbon with the carrier substrate, the ribbon adheres to the
surface and is partly immobilized. Ribbons can be affixed on adjacent locations
to collect multiple ribbons on the same substrate [S]. When enough ribbons are
collected the substrate is gently pulled out of the knife trough. The receding water
meniscus settles the section ribbon on the carrier substrate. Small ribbons of
serial sections are mounted on TEM grids, by similar techniques [42].

It is easy to loose ribbons during the deposition if the adhesion to the substrate
is not strong enough, respectively the substrate is pulled out too fast. Also both
hands are occupied by the handheld substrate and the eyelash tool, which increases
the complexity of the manipulation task. Methods that assist the operator in the
deposition of the ribbons have been proposed in literature and have also found
their way into commercially available products. In principle, they allow a more
controlled retraction of the water by either a slow lifting or by a slow draining
of the trough fluid. Common to these approaches is that the second hand is not
occupied with a manipulation task which reduces the complexity of the section
collection.

Spomer et al. demonstrate the deposition of sections for Array Tomography
with a third hand system [43]. The third hand with seven degrees of freedom
is mounted on the instrument table, as displayed in Figure 2.5A. The third hand
manipulates the substrate position and allows a controlled lifting of the substrate.
A similar device, displayed in Figure 2.5B, with basic control of the substrate
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Figure 2.5: A) Picture of third hand proposed by Spomer with seven degrees of freedom to control
the substrate position [12, 43]. Sections are deposited on the substrate by a manually
controlled lifting motion. B) Picture of the Advanced Substrate Holder (ASH) II sold
by RMC Boeckeler Instruments [44]. The ASH II has only three degrees of freedom to
position the substrate but is directly mounted on the knife stage.

position but a direct mounting on the knife stage is commercially available [44].
The direct mounting provides a better decoupling from environmental vibrations
compared to the mounting on the instrument table and is favourable with respect to
space requirements. A simple substrate handling approach is proposed by Koike
and Yamada that uses a crane-like device to slowly lift the substrate out of the
trough [18].

An inverse approach to the section deposition by a controlled retraction of the
water is presented by Burel et al. [45]. Instead of slowly lifting the substrate to
allow a settling of the sections on the carrier substrate, the trough fluid is drained
to lower the fluid level. The substrate is held in pockets manufactured into the
knife and the trough is wider to provide space for bigger carrier substrates. The
fluid is drained through a valve or with help of a syringe. Care has to be taken
that the sections do not change position during the draining of the water. Array
Tomography knives that follow this principle are commercially available from

knife manufacturers.!

I Diatome (Ultra ATS) and Syntek (JumboWT).
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Figure 2.6: Diatome ATS knife presented by Burel et al. [45, 46]. The carrier substrate is placed in
the bottom of the knife boat. After the section ribbons are positioned above the substrate,
the water is drained from the boat using a syringe or valve.

Despite the aid of third hand manipulators and Array Tomography knives, manual
manipulation is still required to remove the section ribbon from the knife edge
and to place the ribbons above the carrier substrate. Still, compared to available
completely automated solutions as described in Section 2.2, the manual section
acquisition offers the most extensive image modalities, because of the available
carrier substrates and sectionable volume.

2.1.6 Manual Section Monitoring
During sectioning, thickness variations can occur, as described in Section 2.1.4.

These variations can be within a single section, so called chatter and/or between
subsequent sections. The operator must identify variations early in order to react
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by adjusting the cutting parameters to reduce these variations. Ideally, this tuning

should occur inline.
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