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Abstract

Nanostructures are small objects with a huge potential. They can be engineered in an
endless number of different shapes and sizes and have almost as many future uses.
Nanostructures have recently garnered an increasing interest from the life-sciences as
nanostructures have the potential to be used in brain-machine interfaces, for drug delivery
and for interfacing with cells. The potential health risks associated with nanostructures are
also becoming a more pressing issue with the increased production and use of
nanostructures. Developing and testing tools for visualising nanostructures interacting
with cells is therefore increasingly more relevant from both an engineering and a
toxicological viewpoint.

My work involves developing and exploring electron microscopy (EM) for imaging
nanostructures in cells, for the purpose of understanding nanostructure-cell interactions in
terms of their possibilities in science and concerns in toxicology.

In the present work, EM methods for imaging nanostructure-cell interactions have been
explored, and the complex interactions documented and ordered. In particular the usability
of the focused ion beam scanning electron microscope (FIB-SEM) was explored. Using
EM techniques, unique images aiding in the interpretation of nanostructure's influence on
cells have been provided. For instance, FIB-SEM showcased how nanowires perturbed the
nuclear envelope, and helped establish that nanowires can be enveloped by a thin outer
membrane deep within the cell.

With respect to the concern of nanostructure toxicology, we have focused on investigating
the time effects and visualising the interaction of carbon nanotubes (CNTs) with lung
tissue. A basic CNT distribution development model was developed, and the investigations
helped verify observations made using single cells in literature. Furthermore, EM proved
valuable as it revealed an unnoticed CNT effect. FIB-SEM helped establish that the effect
was linked to eosionophilic crystalline pneumonia (ECP).



Resumé (dansk)

Nanostrukturer er sma objekter med et stort potentiale. Iseer indenfor bioteknologien har vi
1 de seneste ar set en oget interesse for nanostrukturer, da de har potentiale for at kunne
bruges til at undersoge cellers fundamentale virkemdde, ved at skabe elektroder der kan
male og pavirke individuelle celler. Der er dog ogsd mulige helbreds risici forbundet med
nanostrukturer, da en gget produktion og udbredelse af nanostrukturer gor, at vi mennesker
har sterre risiko for at blive eksponeret. Vigtigheden af at udvikle metoder til at visualisere
nanostrukturer 1 biologiske prover er derfor voksende, da disse skal bruges til at udvikle
nanostrukturelle apparater og undersoge deres toksiske effekter.

Mit projekt omhandler netop udviklingen og undersegelsen af elektron mikroskopiske
(EM) metoder for at visualisere nanostrukturer i celler, badde i forbindelse med
nanostrukturers muligheder og deres potentielle negative effekter. Ved at bruge FIB-SEM,
en EM teknik som ger brug af bade elektroner og ioner, er der isar blevet fokuseret pa at
skaffe unikke billeder af cellers interaktion med nanostrukturer. De cellulare interaktioner
som vi har observeret, er blevet dokumenteret og organiseret, og skal bruges til at oge
vores forstéelse af interaktionerne.

Visualiseringen af mulige toksiske effekter er foretaget i lunger, som er eksponeret med
kulstof nanorer (CNTs). Her undersogte vi effekten af CNTs pé tre forskellige tidspunkter,
og udarbejdede en model, for hvorledes CNT distributionen @ndrede sig over tid. EM
afslerede en hidtil ukendt effekt af CNT eksponeringen i form af krystallinske strukturer 1
makrofager. Genekspression, transmissions-EM og FIB-SEM hjalp med at afgere, at de
krystallinske strukturer var forbundet med eosinofilt krystallinsk lungebetendelse (ECP).

Vi
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Chapter 1

Introduction

Since Richard Feynman's now famous speech about the potential of nanotechnology in
1959, researchers around the world have been involved in transforming the concept of
nanotechnology into a science and an industry.

Nanotechnology has now progressed so much that engineered nanostructures are believed
to be able to play an integral part in biotechnology and medicine. For instance,
nanostructues have the potential to improve brain-machine interfaces, thereby allowing
finer manipulation of prosthetic limbs and aide in treating neurological disorders.
However, to design nanostructures for interfacing with biological cells or tissue, we need
to understand how they interact on the nanoscale. In addition, as the capability of
producing nanostructures has developed, nanostructure availability and usage is increasing
in both industrial production and in consumer products. This results in an increased human
exposure to engineered nanostructures, and may cause toxicity if the body is not able to
clear or degrade the nanostructures effectively. To comprehend the possible dangers and to
investigate what happens in the body when exposed to nanostructures, we need to uncover
the nanoscale interactions between cells and nanostructures.

One way of elucidating the nanoscale interactions is to image those using microscopes,
which is the main focus of this thesis. Conventional light microscopes are limited by the
wavelength of visible light in accordance to the diffraction limit, which is a fundamental
factor influencing the obtainable resolution of microscopes as stated by Ernst Abbe in
1873. This means that the resolution of conventional light microscopes is limited to about
200-300 nm, and since nanostructures are typically below 100 nm, hence imaging of
nanostructures using conventional techniques is not feasible. Instead, microscopy of
nanosized objects was made possible with the invention of the electron microscope by
Max Knoll and Ernst Ruska in 1931. Electron microscopes use electrons instead of
photons for producing images. Since electrons can have wavelengths in the sub-picometre
range compared to the hundreds of nanometres for visible light, the diffraction limit is
drastically lowered, and this allows for sub-nanometre resolution in state-of-art electron
microscopes.

My Ph.D. project revolves around imaging the interaction between nanostructures and
cells, and exploring electron microscopy techniques. Therefore, I will give a short
introduction to the investigated nanostructures and describe why we would want to
deliberately expose cells to nanostructures (Section 1.1). Some of the concerns regarding
nanoparticle toxicity will also be discussed (Section 1.2). Finally, this chapter will
describe my project goals and an outline of the thesis.



1.1 Nanostructures

Nanostructures come in many shapes and sizes, and are basically any structures having
one or more dimensions in the nanoscale (typically 1-100 nm). Nanostructures can be
comprised of metals, organic, and non-organic components. Today, there are a variety of
methods for manufacturing nanostructures. It can be as simple as mixing a few chemicals
or as complex as requiring expensive equipment. Nanostructures can also be found in
nature, for instance DNA and proteins in cells are in the nanoscale and so are some of the
structures on the scales of certain butterflies. Natural nanostructures have been studied and
imaged for many years and although we do not fully understand how all cells, genes or
proteins function, many of the nanoscopic structures have been uncovered and methods
for further study have been developed. Therefore, for studying nanostructures inside cells,
the scope of this thesis has been limited to considering man-made nanostructures, as these
have potential in developing revolutionary devices and serve as a new potential health
hazard.

The focus of this Ph.D. project has been placed on two different kinds of nanostructures,
namely: nanowire substrates and free carbon nanotubes. In the following, the reason for
choosing these nanostructures, together with their possible applications and how they can
be fabricated will be described.

- / d F ' - e
Hllustration 1.1: Electron microscopy images of nanostructures. A) Scanning electron microscopy (SEM) of
silicon nanostructures on a substrate. C) Transmission electron microscopy (TEM) of carbon nanotubes on
a thin film.

1.1.1 Nanowire substrates

Nanowires are nano-sized structures with a large height to width aspect ratio. They are
typically made from semiconductor materials (silicon, gallium phosphide, etc.), but can
also contain metals and are manufactured using a wide range of micro- and
nanofabrication methods [1]. Nanowires have the potential to be used for high
performance solar cells [2], energy storage [3] and sensors [4].

Nanowire substrates were chosen due to the increasing amount of interest they are gaining
in cell biology. Nanowires can for instance be used in bioelectronic interfaces, where the
high sensitivity of the nanowire sensors and their nanometre scale can be used to
investigate the propagation of nerve signals. Current bioelectronic interfaces rely on
micrometre to milimetre large electrodes to manipulate prosthetic limbs and treat
neurological disorders (e.g. Parkinson's disease, OCD and depression). Since one square
milimetre of brain tissue contains about 1 million neurons [5], the current technology is



limited to coarse large-scale investigations. Nanowires are per definition very thin, and
they can therefore be placed in dense arrays making it possible to follow neuronal signals
at high spatial resolution in the future [6]. In addition, the size of the nanowires means that
they can be less intrusive and can be incorporated intracellularly thereby increasing the
signal-to-noise ratio of the bioelectronic interface [5]. In fact, Suyatin et al., experimented
with using a nanowire based electrode for neural recordings in an anaesthetised rat
(Illustration 1.2 a). Although they did not have read-out from individual nanowires they
managed to obtain repeated neuronal readings as a proof of concept [7].

Nanowire substrates can also be used in the development of biomolecular delivery
methods [8]-[10]. Biomolecular delivery is used to study cellular functions by introducing
molecules such as DNA and proteins and observing how the cell responds (Illustration
1.2 b). Nanotechnology can be used to produce small unobtrusive structures that can
penetrate cultured cells and introduce biomolecules to cells at a higher efficiency and with
minimal physical damage. Furthermore, nanostructured substrates also have potential for
controlling cell differentiation, movement and growth [11]-[15].

Field Engulfed
Localization Nanostraw

Hllustration 1.2: A) Sketch of device used for neurological recordings in a rat brain. The insert, shows a SEM
image of the nanowire electrode. Adapted from Suyatin et al., 2013. B) A principle sketch of biomolecular
delivery into a cell using an underlying channel, and a SEM image showing a cellular membrane (green)
interfacing with nanowire substrate. Adapted from Xie et al., 2013.

To engineer nanostructured devices that can be used for biological applications, we need
to start mapping and characterising the nanowire-cell interactions by electron microscopy.
However, one of the challenges in imaging cells interfacing with nanostructured substrates
is that the substrates themselves often provide certain obstacles when processing for
electron microscopy. Therefore part of this thesis is focused on developing and testing
electron microscopy methods for imaging cells cultured on nanowire substrates
(Chapter 3).

The substrates chosen in this work were manufactured using two different methods,
involving either VLS-growth (Paper VI) or RIE etching (Paper I and 1V). Vapour-liquid
solid (VLS) growth is obtained using catalytic particles, which in our case were deposited
randomly on the substrate. The nanowire sizes are determined by the size of the catalytic
particle used for growth. The catalytic particle is melted at elevated temperatures and
saturated with precursor gases whose components precipitate in the liquid-solid phase
resulting in the growth of nanostructures [14], [16] (Illustration 1.3). VLS growth can
produce tall and very high aspect ratio nanowires, and can also be used to produce
nanowires in periodic arrays by the controlled placement of catalytic particles.
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Hllustration 1.3: Sketch of how the VLS process can be used to make nanostructures. Particles are deposited
on the substrate, the precursor gases introduced which precipitates via the catalysts and forms the
nanostructures.

In the unmasked reactive-ion etching process (RIE), there is no use of catalytic particles;
rather the structures are formed by the removal of material not protected by micromasks
during plasma etching. Micromasks are for example dirt and native oxide on the substrate,
but are also created in the process when ions occasionally sputter and ion oxidise material
from the surface which redeposit on the substrate [17], [18]. In a process where the
substrate is etched and passivated (protected), material is preferably removed directionally
(anisotropically), forming nanostructures under the right conditions called silicon black or
nanograss [17], [19], also see Illustration 1.1 a. By tweaking the growth conditions, the
size, density and shape of the nanostructures can be altered, but it is inherently a random
process.

1.1.2 Carbon nanotubes

Carbon nanotubes (CNTs) are high aspect ratio nanostructures, which consist of
cylindrically ordered graphene layers (Illustration 1.4 a), and were first discovered about
50 years ago [20]. CNTs have single- or multiple rolled up sheets of graphene and are
appropriately named single walled CNTs (SWCNT) or multi-walled CNTs (MWCNT).

Diameters typically range from 0.8-2 nm and 5-100 nm for SWCNT and MWCNTs
respectively, while they can be less than 100 nm long and up to several centimetres long
[21]. CNTs can have a wide variety of physical and chemical characteristics, but are
generally known for their excellent mechanical and electrical properties. Individual CNTs
have been reported as reaching tensile strengths up to 20 times larger than steel, while
others are more thermally conductive than diamond [21]. Single or ordered CNTs can be
used in transistors, biosensors or actuators [21]-[23].

In biology, CNTs are also considered as intracellular electrodes, and for biomolecular
delivery [24]. However, since ordering and making uniform CNTs is challenging, the bulk
of the current production focuses on implementing disordered CNTs in composite
materials.

CNTs can be added to composite materials to increase the electrical conductance or
strength of the material. Even adding small amounts of CNTs to epoxy resin can increase
the fracture toughness significantly [25], this can for instance be used to produce stronger
and lighter wind turbine blades. Outside of composite materials, disordered CNTs have the
potential for decreasing the catalyst usage in fuel cells, and for purifying contaminated
water [21].



The increased use of CNTs in products is giving rise to increasing concerns about
unintentional and harmful human exposure. Therefore, to compliment the investigations of
nanowire interactions with cells, I also focus on imaging unintentional biological exposure
to nanostructures. CNTs in this thesis are therefore mainly studied in relation to their
potential toxicity and interaction with the immune system (Section 1.2) — this is achieved
by studying the CNT deposition in mice lungs. For imaging CNTs in lungs, the
composition of the CNTs and their mechanical strength give rise to some additional
challenges which will be discussed in Chapter 4.
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Hllustration 1.4: A) Sketch of graphene, SWCNT and MWCNT. Graphene is a single atomic layer of carbon
atoms placed in a hexagonal pattern. SWCNT and MWCNTs are respectively a single or multiple graphene
sheets rolled into a tube. Adapted from Graham et al., 2005. B) Graph showing the increased number of
publications and the production capacity until 2011, along with images of CNT uses. Image from De Volder
etal, 2013.
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In principle fabrication of carbon nanotubes is quite simple, and only requires energy,
available carbon molecules and a place for them to form which preferably acts as a
catalyst. For example 20-60 nm diameter wide carbon nanotubes (along with other carbon
structures) can be formed on a nichrome' wire placed in a methane flame for about 15
minutes (Yuan et al., 2001). Simply making CNTs is therefore fairly easy; the complicated
part is being able to control CNT synthesis for uniformity and placement and at low costs.
For this, the chemical vapour deposition (CVD) method has become the dominant CNT
production method [21].

CVD growth of CNTs involves catalytic particles such as nickel, cobalt or iron which are
deposited on the substrate, the size of which influences the diameter of the CNTs. In much
the same manner as VLS growth described previously, the sample is heated and gasses
containing carbon are led into the chamber which breaks apart at the catalyst interface and
forms CNTs. By tweaking the catalyst material and the growth conditions the number of
imperfections, impurities, CNT lengths, and the number of walls can be controlled to a
certain degree [26]. In addition, instead of obtaining randomly oriented CNTs it is possible
to let them grow vertically by applying a strong electric field.

1 Non-magnetic alloy composed of nickel, chromium, and iron.
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1.2 Toxicity of nanostructures

Particle toxicology started out in the early 20™ century by investigating the effects of
particle exposure when mining quartz, coal and asbestos. In the 1980s and 1990s focus
was directed towards the toxicity of glass fibres and environmental particles. Today, the
commercialisation of nanostructures has meant that 'nanotoxicology' dominates the field
of toxicology [27].

Some of the first evidence of size dependent toxicity was found in the 1990s by
Oberdorster and Ferin. Compared to 250-500 nm sized particles, larger pulmonary
inflammation and particle translocation® were observed in rats exposed to 20 nm particles
[28], [29]. Several examples of particle size dependent toxicity then followed for materials
such as PTFE, polystyrene and TiO, particles [30]-[32]. The reason for this increased
effect in toxicity appear to be related to the larger specific surface area (surface area per
mass) for smaller particles. Therefore, it was suggested that toxicity should be related to
the total surface area of the exposure rather than the mass [30], [32].

Besides their potential larger reactivity, smaller particles stay airborne for longer and can
potentially be inhaled deeper into the lung. Depending on particle size and shape,
deposition in the lungs is dominated by impaction, sedimentation, or diffusion [33]. Larger
particles are deposited in the upper airways due to impaction or sedimentation, whereas
smaller particles can reach the lower airway passages and deposit via Brownian diffusion,
thereby overwhelming the immune system (Illustration 1.5). This is naturally very
concerning as pulmonary exposure is considered to be one of the most important pathways
into the body for unintentional exposures — which is why CNT interaction with lungs is
studied in this work.

So size does matter, which explains the increasing interest in 'nanotoxicology'. However, it
is also important to note that so far there has not been observed any drastic toxicity
increase simply due to the particles being smaller than a certain size. Instead, the toxic
pathways are similar to larger particles and the observed effects are a gradual
magnification of intrinsic toxicity related to the material [34]. Nanoparticles are therefore
not inherently toxic due to their size, but their toxicity is dependent on shape, chemistry,
surface properties, persistence, etc.

2 A transfer of nanoparticles from one system to another, e.g. from the pulmonary to the circulatory or
lymphatic system.
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1.2.1 Carbon nanotube toxicity

The toxicity of carbon nanotubes (CNTs) is of particular concern, due to them being
produced in large quantities, their chemical stability, and their similarity to asbestos fibres.
Additionally, even long CNTs can have comparable small aerodynamical diameters® [34]
making them able to deposit in the lower airways.

The concerns have been strengthened as pulmonary exposure to CNTs in a number of
animal studies have shown an asbestos-like toxicological response characterised by
inflammation, granulomas, and fibrosis with low no-effect levels [35]—[37]. In particular
very long CNTs (>10 um) with a high length-to-width ratio appears to cause asbestos-like
toxic effect when inhaled [38], [39], whereas smaller CNTs does not, albeit small CNTs
also results in toxic effects. Alveolar macrophages, typically responsible for clearing
particles, can internalise up to about 10 um long CNTs. However, the CNTs are very
structurally stable, and as such the macrophages cannot degrade them. Hence CNTs persist
in the macrophages and if they are not cleared via the mucociliary escalator (Cf.
Section 1.2.3) they can remain in the lung for much of an individual's life or clear via
other pathways [40]. A recent study has documented that a single inhalation of CNTs can
accumulate in the liver and spleen one year after exposure, albeit it only reached less than
1% of the original dose [41].

1.2.2 In vivo and in vitro

In experimental life sciences and within this thesis, the term in vitro ('in glass') refers to
experiments performed in artificial environments such as petri-dishes, test tubes etc.,
whereas in vivo (‘'within the living') refers to experiments performed in whole living
organisms such as animals or humans.

For investigating nanostructure interactions with cells, in vitro experiments are typically

3 For irregular particles the aerodynamical diameter describes the settling velocity in relation to a model
spherical particle.



used when attempting to design nanostructured devices, while in vivo experiments are
performed for investigating the toxicological effects of nanostructures. However, in some
cases nanostructured devices have reached a point where in vivo experiments are
performed (e.g. for neural recordings in rats Illustration 1.2 a).

The primary reason for performing animal experiments is to put the investigations into a
more physiologically relevant model. /n vitro experiments are typically performed with a
single cell type, whereas the human immune system consists of many different cell types,
a wide variety of proteins and complex signalling pathways and tissue responses [42].
Additionally, many cell lines used in vitro are of cancer origin which undergo rapid cell
division and mutations, and as such do not resemble normal tissue found in the organism.

Despite the obvious drawbacks of in vitro experiments, the need for testing more and more
engineered nanoproducts, together with the goal of limiting animal experimentation, has
meant that in vitro experiments are increasingly being incorporated into toxicological
assessments [43]. The main reasons for looking into in vitro experiments for toxicology is
that it is: cheaper, avoids animal exposure, and experiments can be repeated and
statistically verified (in vivo experiments are generally not repeated due to animal
experimentation legislature).

The present thesis does not aim at investigating the biological difference between in vivo
and in vitro reactions to nanostructures, as this would be too extensive. However, this was
part of the aim of Paper VIII, which uncovered that cultured cells and lung tissue response
responded similarly to CNT exposure, but that the underlying mechanisms where
different. The focus of this work is to study the nanoscale interactions both in vitro and
in vivo. Hopefully the mixture of in vitro and in vivo samples in electron microscopy
testing and development will result in the development of methods which can be applied
to other use-cases than those directly discussed in this thesis.

1.2.3 A brief overview of the respiratory system

The lung was chosen as the in vivo test system used to study CNT toxicity, due to it being
the primary route of toxicological concern and relevance when dealing with CNT
exposure [44].

Air is drawn into the lungs when they are expanded by the diaphragm. Air then travels
through the mouth or nose, and then through the trachea (windpipe) before reaching the
lungs (Illustration 1.6). In the lungs the air is branched into bronchi and bronchioles which
are smaller and smaller air tubes until the alveoli are reached. The main gas exchange
occurs in the alveoli, where blood in thin capillaries is oxygenated and returns to the heart
to be pumped around by the circulatory system. Due to the lungs function of oxygenating
blood, the tissue is spongy and porous (Illustration 1.6 b-c). Compared to electron
microscopy of cells cultured on nanostructured substrates: Lung tissue is mostly devoid of
cells and the placement of the nanostructures are not well defined. Part of the challenge is
therefore to be able to find the proverbial needle in a hay-stack that interacts with tissue
(Cf. Chapter 4).
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To avoid particle deposition and accumulation in the lungs, the trachea and bronchioles are
lined with ciliated and mucous excreting cells forming the mucociliary escalator. Particles
are 'captured' by the sticky mucous lining the airways, and ciliated cells pushes the
mucous layer up to the pharynx where it can be swallowed. The mucociliary escalator is
responsible for transporting large amounts of inhaled particles to the stomach where they
are excreted or decomposed by gastric acid. Furthermore, white blood cells patrol the
lungs, where in particular macrophages are responsible for clearing particles. Alveolar
macrophages phagocytose (engulf) the particles and if possible degrade them, otherwise
particle containing macrophages travel to the stomach via the mucociliary escalator
thereby clearing the particles in about 24 hours depending on the exposure [45]. However,
difficult to clear particles and/or high particle concentrations may overwhelm and impair
clearing mechanisms [46]. This may cause particles to translocate to other systems and
macrophages may use alternative and slower (> 1 month) clearing pathways or remain in
the lung for years [47].

The effects of particle exposures are linked to how they are handled by the respiratory
system, and hence particle uptake and interactions with cells should be studied for several
time points. Therefore, we study CNT-cell interaction and distribution in vivo at 3 post-
exposure times (Chapter 5).



1.3 Project goals and thesis outline

In order to be able to design nanostructure devices for investigating biological cells and to
understand CNT toxicity, our goal is to increase our knowledge of how cells interact with
nanostructures by using electron microscopy. The main goals of this project are therefore

to:

* Develop and explore electron microscopic techniques for imaging hard-to-
microtome samples, and for imaging 3D structures in tissue.

* Map and document cellular interactions with nanostructures grown on a substrate
and CNTs in an inhalation exposure scenario.

* Investigate the time dependent distribution of CNTs in vivo.

My work attempting to reach these goals is described in this thesis and has been ordered
into six chapters which cover:

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Introduces the motivation, general concepts in the thesis and the project
goals.

Describes and introduces light- and electron microscopic imaging techniques,
together with relevant sample preparation methods for biological electron
microscopy.

Maps the observed invitro cellular interactions with nanostructured
substrates. It includes an introduction to what is currently known about cell-
nanostructure interactions and FIB-SEM method development.

Describes how FIB-SEM imaging of CNTs in lung tissue can be performed
and compares with standard TEM imaging.

Here the ultrastructural time dependent CNT distribution in lung tissue 1, 3,
and 28 days after exposure is documented, together with CNT-cell
interactions in vivo. Additionally, the findings are related to toxicological data
such as gene expression and cell counts.

Concludes and gives an outlook on the work performed.
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Chapter 2

Nanostructure visualisation methods in
soft matter

This chapter will briefly describe a selection of the methods used for imaging
nanostructures in cells, as an understanding of this is indispensable for the work carried
out in this thesis.

High resolution light microscopy (LM) will be introduced in section 2.1, while the basic
principles of electron microscopy (EM) and the main methods will be covered in
section 2.2. Furthermore, the different sample preparation strategies for biological samples
will be highlighted (Section 2.3), together with the particular electron microscopes used in
this thesis (Section 2.4).

Before introducing the different methods, it is important to note that there is no one
superior method and every method has its own strengths and weaknesses. One should
therefore choose carefully and preferably apply more than one method. This also includes
the usage of quantitative characterisations methods such as mass spectroscopy, dynamic
light scattering and surface area measurements, together with the usage of biological tests
and assays which is outside the scope of this chapter.

2.1 Light microscopy

Since the invention of light microscopy (LM) it has been the golden standard for
understanding the microscopic world. LM has developed from simple microscopy setups
to complex and expensive high resolution microscopes. Although conventional wide-field
transmission, reflective and fluorescent light microscopy has its place in investigating the
effects of nanostructures, they do not have the resolution needed to resolve nanostructures.
Therefore, this section will focus on high resolution techniques more often used to
investigate nanostructure interaction with biological samples, together with a few methods
which might prove valuable in the future.

2.1.1 High resolution light microscopy

One of the earliest methods for increasing the practical resolution of light microscopy was
to deconvolute image stacks. This method is based on a computational reconstruction of
the imaged object, where the knowledge of the optical distortions present in the system is
used to improve image contrast and resolution. However this technique relies on
mathematics and qualified guess work [48], and does not introduce new imaging
techniques.
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In contrast, confocal laser scanning microscopy (CLSM) relies on a radically different
optical path compared to standard wide-field microscopy (Illustration 2.1). Instead of
illuminating the whole observable sample (wide-field), CLSM uses a point laser source
which is scanned across the sample. Most commonly the sample is stained with
fluorescent markers which are excited by the laser, thereby emitting light which is directed
to a detector. CLSM is built with several pinholes to limit out of focus light by constricting
the excitation source and the detected light (Illustration 2.1). The laser is scanned in the
XY-plane, and the pinholes make it possibly to scan individual Z-planes, thereby allowing
for 3D imaging of the sample. The CLSM only provides a limited improvement in XY
resolution compared to the wide-field microscope, and it requires very small pinholes
excluding much of the illumination giving poor signal-to-noise ratio [48]. The main
advantage of CLSM over wide-field is the increased Z-resolution, but this is still limited to
about 500 nm.

In relation to imaging nanostructures in cells using CLSM, one of the main obstacles is
that most nanostructures are not fluorescent, although it is possible to fabricate fluorescent
nanostructures [49]. Alternatively, Berthing et al., utilised a specific membrane stain,
making it possible to image the effects of the nanostructures, despite not being able to
resolve them [50], also see Illustration 2.2 A.

Fluorescent microscope Confocal microscope

Lamp Laser

Diaphragm and filter Pinhole and filter

Detector
Detector

Dichroic Dichroic
mirror mirror I_
Objective Objective
Above
0 Focal plane T

Hllustration 2.1 Principle sketches of a wide-field fluorescent and a confocal microscope. Fluorescent
microscope: White light is generated by a lamp and passed through a 'blue pass' filter and illuminates the
sample. The blue light excites the sample which emits red light which is directed towards the detector via the
dichroic mirror that reflects certain wavelengths. Out of focus light stemming from above (blue line) and
below (green line) the focal plane is also detected. Confocal microscope: Laser light of a certain wavelength
(blue) is used and directed onto the sample. The out of focus light emitted from the sample is excluded using
a small pinhole before the detector.

CLSM is an excellent and versatile tool, but it is not a true high resolution technique
capable of 'breaking' Abbe's classical resolution limit. One way of obtaining a higher
spatial resolution (20-120 nm) is to use evanescent waves (e.g. Near-field scanning optical
microscopy, SNOM), but this involves placement of the detector less than a wavelength
away from the sample, making it less relevant for imaging nanostructures in cells. Instead,
structured illumination microscopy (SIM) can improve the resolution to 50-130 nm,
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depending on the particular technique [48]. SIM works by imaging the sample with a non-
uniform illumination, which results in a diffracted Moiré pattern containing otherwise
non-visible information in the frequency space [51]. By shifting the non-uniform
illumination several times and applying a computational reconstruction it is possible to
extract spatial information from the frequency space. Likewise, techniques exist which
deplete the fluorophores around a certain spot (e.g. stimulated emission depletion, STED),
effectively minimising the excitable spot, resulting in 20-50 nm resolution (Illustration
2.2 B). High resolution techniques coupled with fluorescent labelling of nanostructures or
organelles, may give valuable information in the future, especially in terms of
investigating the dynamics as imaging can be performed on living cells.

Currently, what these techniques have in common is that they require specialised
equipment and can be challenging to apply satisfactorily on samples investigated in this
thesis, as they all impose certain restraints on the samples. Some require transparent
samples, some are more suitable on certain types of samples such as filaments or particles
(pointilism), while others only image a very limited thickness of the sample (SNOM) or
require very stable samples (STED). Additionally, some methods require special
fluorescent dyes, and as with the CLSM one should also worry about having to be able to
stain the nanostructures. More information about super-resolution fluorescence techniques
can be found in the review [48].

vvvvv
Wide-field

s L. - »,;.,3.":., L B R S hd oA —
Hllustration 2.2: A) CLSM image of nanowires which appear to be piercing the cell, but is in fact covered by
a thin plasma membrane (red coloured), from Berthing et al., 2012. B) Example images showing how wide-
field flourescence microscopy compares to SIM (top), and how CLSM compares to STED (bottom). Scale
bar in the insert are 0.5 um. Images from Schermelleh et al., 2010. C) X-ray image of cellular organelles
such as the nuclear membrane (NM), nuclear pores (NP), lysosomes (L), endoplasmic reticulum (ER),
mitochondria (M) and vesicles (V), from Schneider et al., 2010.

B

2.1.2 X-ray microscopy

Abbe's diffraction based resolution limit can be lowered by using X-rays having much
smaller wavelengths (0.01-10 nm) than visible light. X-ray microscopy currently provides
imaging resolutions between visible light- and electron microscopy, and imaging is
possible on unstained wet samples. In the simplest terms, X-ray microscopes works by
passing X-rays through the sample and onto a detector. Contrast is formed by absorption
of X-rays, and requires a bright and collimated* source. A resolution of 70 nm in unstained
frozen samples has been obtained on cells, revealing plasma membranes and details in the
mitochondria (Illustration 2.2 C), and allowing for 3D reconstruction and segmentation of
cell organelles [52]. Currently, in order to get sub-100 nm resolution, access to an

4 A perfectly collimated light source is composed of parallel light rays which do not spread during
propagation.
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expensive synchrotron source is needed, but developments in X-ray optics and X-ray
sources may lead to resolutions better than 10 nm [52]. X-ray microscopy would then be a
very powerful method. For a review of X-ray microscopic studies on bio- and
nanomaterials refer to [53].

2.2 Electron microscopy

The main reason for using electron microscopy (EM) instead of light microscopy (LM) is
the increased resolution obtainable with EM due to the lowering of the diffraction limit.
This section will describe the basic electron-sample interaction, together with the two
main types of electron microscopes (SEM and TEM), and some typical variations
applicable to biological samples.

2.2.1 Electron scattering

When high energy electrons are directed onto a sample, they scatters as they move through
the material, without scattering the sample would not affect the electron beam and would
be invisible. Depending on the electron scattering mechanisms in play and the electron
microscope, a wide variety of signals can be detected and used for imaging or sample
characterisation (Illustration 2.3). Hence, understanding the concept of electron scattering
(electron-sample interaction) mechanisms, generally divided into elastic and inelastic, is
important in understanding how EM works.
Primary electrons

Backscattered Visible light &
electrons (BSE) X-rays

Secondary Auger electrons
electrons (SE)

Specimen

X-rays
Inelastically scattered Elastically scattered
electrons electrons

Direct beam
Hllustration 2.3: The primary electrons are generated by the electron microscope and directed onto the

sample. The primary electrons scatter and interact with the sample giving rise to many types of signals.

The interaction cross section (c.om) 1S used to describe the possibility of an electron
scattering event on an atom in the sample. g.om varies with electron energy, such that
increasing acceleration voltage (£y) will decrease the cross section and thus the possibility
of a scattering event. The mean free path before a scattering event (4), can be used to
describe the scattering probability (p) in a sample with a certain thickness (7) as a function
of the cross section in the simplified equations below:

1 A
= G = (1)
ol N Ooatomp
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Ny is Avogadro's number in units of atoms - mol”', and 4 is the atomic weight of the atoms
involved in the scattering event (kg - mol™). These formulas describing the probability of
scattering indicate how electrons interact with the sample and thereby how contrast is
formed. The larger the cross section of a particular atom (Ga0m), sample thickness (7), or
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density (p) the larger the scattering probability. For a more detailed description refer to
[54].

Elastic scattering occurs when electrons are electrostatically deflected by either the
positive nucleus of an atom or its negatively charged electron cloud without losing any
energy. Elastically (forward) scattered electrons are used in transmission electron
microscopy (TEM) where the direct beam is used for imaging, contrast is either obtained
via mass-thickness, diffraction or phase contrast. Elastically (backscattered) electrons are
rarely used for TEM imaging, due to the limited samples thickness and high acceleration
voltage. Instead, backscattered electrons are widely used in SEM imaging for obtaining
contrast dependent on atomic number (Z-contrast).

The atomic number dependent contrast (mass-thickness contrast) which is most commonly
used for biological samples relies on incoherent® elastic scattering (Rutherford scattering).
A simplified equation, ignoring relativistic effects, for the Rutherford cross section (or)
shows that the cross section is strongly dependent on the atomic number (Z) and the
acceleration voltage of the electrons (£y).

4 52
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The higher the atomic number, the more of the primary electrons are scattered, leaving
them out of the direct beam imaged causing darker areas in TEM. Diffraction and phase
contrast both rely on the coherent® electron scattering, and is rarely used in biological
samples [54].

Inelastic scattering occurs when the impinging electron collides with electrons bound to
the atoms in the sample. This gives rise to various kinds of secondary signals, some of
which contain material composition information, e.g. and Auger electrons X-rays. Auger
electrons and X-rays are emitted from the sample during the atomic relaxation after an
electron has knocked out an inner core electron. The X-rays and Auger electrons thereby
carry information about the inner structures of the atoms in the sample, making it possible
to distinguish between materials. In terms of imaging, one of the main uses of inelastic
scattered electrons is secondary electron (SE) imaging in SEM. SE are generated by
inelastic scattering event with electrons loosely bound the outer layers of the atom, the
primary electron usually maintains most of the energy and penetrate deeper into the
sample, thereby generating a cascade of SE. Secondary electrons typically have energies
up to 50 eV, which means that they easily scatter, possibly making new SE and only
escape to the detector if they are generated near the surface. This makes SE-SEM imaging
very surface sensitive.

Inelastic scattering give rise to a great variety of signals, but it is unfortunately also
responsible for damaging the sample. Inelastic scattering can break chemical bonds by
altering the electron configuration in the sample. Furthermore, inelastic scattering also
occurs if electrons hits an atom in the sample. Depending on the binding energy of the
atom, the energetic electron can displace atoms, in some cases ejecting them from the
surface, or loose energy to the sample causing sample heating. Although beam damage can
be limited via cooling, coatings, etc., it is unavoidable and the effects on the sample

5 Coherency describes the phase and wavelength relation between electrons. Coherent electrons have the
same wavelength and phase, whereas incoherent electrons are out of phase and have varying
wavelengths.
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should be considered.

2.2.2 Transmission electron microscopy

TEM function in much the same way as light microscopes, where an electron source is
used instead of a bulb. This could typically be a thermionic emission, field emission
electron source or a mixture of the two. Using high voltage electric fields, electrons are
accelerated down towards the sample, and along the way the beam passes a variety of
electromagnetic lenses and apertures which focuses the beam. This occurs under ultra-high
vacuum to avoid unwanted electron scattering en route to the sample. The electron beam is
transmitted through the thin sample and an image formed from transmitted electrons on a
sensor below the sample (cf. [llustration 2.4).

Typically high acceleration voltages of around 80 kV to 300 kV are used in TEM. The
purpose of these high acceleration voltages is to ensure electrons are transmitted through
the sample (lower scattering probability at high energies, Equation 3).

In TEM the sample thickness is a very limiting factor for the samples to be investigated.
Biological samples should preferably be less than 100 nm thick, whereas material
scientists in some cases go below 50 nm to achieve ultra-high resolution imaging [54].
This limitation often makes sample preparation for TEM challenging. The obtainable
resolution with TEM is in the sub-nanometre (<1 nm) scale [54], but for biological
samples this is usually‘lbimited to around 2 nm [55].

source

magnetic
lenses

detector

Hllustration 2.4: A) Overview TEM micrograph of silver nanoparticles on a support film (Paper VII). B)
Silver nanoparticle showing lattice fringes (arrowhead). C) Schematic representation of TEM, where
electrons are directed from the electron source down onto the sample via magnetic lenses and onto a
detector in the bottom.

HAADF-STEM

To increase the mass-thickness contrast in TEM samples, high-angle angular dark field
scanning-TEM imaging can be used (HAADF-STEM). STEM imaging is performed by
scanning a finely focused electron beam across the sample, and detecting the transmitted
electrons. It is useful on low-contrast samples, but suffers slightly in terms of resolution.
In HAADF mode, STEM is an especially useful technique for low contrast polymer and
biological samples relying on Z-contrast. As described, the mass-thickness contrast relies
on Rutherford scattering, but at low angles (< 5 deg) it competes with Bragg-diffraction
caused contrast. By limiting imaging to high annular angles (+5 deg), one excludes the
direct beam from the image (dark field) and Bragg scattering is usually negligible.
Imaging contrast will therefore mainly be due to Rutherford scattering and thus be highly
dependent on the atomic number and density (Z-contrast) [54]. An analysis on stained
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cells revealed a 5-fold contrast increase using HAADF-STEM over BF-TEM [56], while it
also has been useful for imaging crystalline carbon nanoparticles in non-stained samples
[57].

EF-TEM

Energy filtered TEM, as the name implies, creates images from electrons in a selected
energy-loss range. By using an energy filter, electrons with a certain energy loss can be
used for imaging. Since the energy loss is related to the material and its electronic
configuration, one can gain an insight into the composition of the samples, but it can also
be used to control contrast even in non-stained samples [57]. Additionally, zero-loss EF-
TEM can be used to improve the contrast in thicker samples, by avoiding the inelastically
scattered electrons in the sample that blurs the image due to chromatic aberrations in the
lens.

2.2.3 Scanning electron microscopy

SEM use an electron source similar to TEM, but instead of illuminating the whole sample
at once, the electron beam is focused into a probe and scanned over the surface. The
primary electron beam impinging on the sample causes the generation of secondary
electrons (SE) and backscattered electrons (BSE). Usually the low energetic SE escaping
the surface of the sample is attracted and detected by an Everhart-Thornley detector
(ETD), while higher energy backscattered electrons are detected by a solid state detector
mounted on the exit point of the primary beam (pole piece). The SE are used to form
images representing the surface topography of the sample, whereas BSE gives better Z-
contrast as previously discussed (Section 2.2.1).

Compared to TEM, SEM is operated at low electron voltages, where typically between
1 kV and 30 kV are used. This is because images are formed from electrons escaping the
surface, and if higher energy electrons were used, the signal would not escape but would
rather be stopped deep in the sample, which causes increased beam damage and charge
build up. To limit charge build-up in the sample in poorly conducting samples, the sample
can be coated with a conductive layer and connected to ground (stage). Also, to limit
charging of biological/wet samples, environmental SEM can be used which allows for
SEM imaging of wet samples by use of an intricate pumping system [58].
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Hlustration 2.5: A) SE-SEM image showing the topography of a dried cell on silicon nanowires (Paper IV).
B) BSE-SEM image of the gut of an epoxy embedded daphnia (Appendix F). C) Sketch of SEM principle,

where the electron beam is focused into a spot and scanned across the surface.
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FIB-SEM

A focused ion beam (FIB) can be used for deposition of metals, for milling material, or as
a very surface sensitive imaging technique. The most common FIB source, used in
combination with a SEM (FIB-SEM), is based on gallium ions obtained from a liquid-
metal ion source. Solid gallium is heated, and flows down to the tip of a tungsten needle,
where a large electric field is used to cause ionisation and emission of gallium ions (Ga+).
In much the same manner as the electron beam, the ion beam is focused using
electromagnetic lenses and directed onto the sample. Due to the size of ions the FIB is
much more damaging to the surface than SEM and consequently FIB can be used to
sputter atoms from the surface (milling). This has been used for micro-machining devices
[59]. The FIB-SEM has also found use in biology as a 3D imaging tool [60]-[63], here the
FIB-SEM cycles between removing part of the sample with the ion beam and imaging it
with the SEM (slice-and view) (Illustration 2.6). In addition, the FIB can be used as a
deposition tool. Using a gaseous injection system (GIS), precursor gasses (typically
platinum based) are injected close to the surface. The ion beam reacts and degrades the
gas, leaving the intended deposited material on the sample.

FIB-SEM on biological samples usually requires resin embedding to form a vacuum stable
cured block (Section 2.3.2). Prior to FIB-SEM, the block should be securely attached to an
aluminium stub (Illustration 2.6 a), and a thin conductive layer (e.g. gold, platinum or
carbon) should be deposited to help dissipate charge build-up. Prior to actual FIB-SEM
imaging, the block should be prepared using the FIB source, often this includes: milling of
a U-shaped trench around the area of interest to avoid redeposition of material during FIB-
SEM slice and view, and FIB assisted deposition of platinum to protect and stabilise the
area of interest (Illustration 2.6 ¢). It can easily take 1 hour to form the U-shaped trench
and deposit platinum, it is therefore important to find a suitable area of interest using SEM
prior to FIB preparation of the block. We localised areas of interest by: high energy SEM
imaging (Paper I), by correlating SEM images with light microscopy images (Paper VI),
and by localising areas where protruding nanostructures interact with tissue (Paper II).

Over the years several milling geometries have been used, the current standard method
(tilted-milling) involves a 52 degree tilt of the sample such that the ion beam is
perpendicular to the surface (Illustration 2.6 ¢). Using this method one can make the
necessary trenches [61], [64] or alternatively trim the block with an ultramicrotome such
that the region of interest is directly accessible [60], [65]. However, the 52 degree tilt
means that the SEM image is formed on a slanted angle, which makes them susceptible to
shadowing effects if imaging in a deep hole, and it effectively diminishes the resolution as
the SEM image is a projection of a slanted surface. To limit this issue, and allow for
milling of large (un-tiltable) samples, non-tilted milling can be performed [63], [66]. This
in return means that non-standard image reconstruction is needed, and we risk introducing
artefacts when imaging nanostructured substrates as we have documented and described
(Paper I). Additionally, we have developed and demonstrated the double-non-tilted method
for obtaining FIB-SEM images from samples with a rough surface (Paper II).
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resulting image stack

Hlustration 2.6 Overview of our sample preparation for FIB-SEM slice-and-view. A) Tissue samples were
trimmed using an ultramicrotome, mounted on a aluminium stub, secured using a conductive paste and
coated with gold. Samples with cells on nanostructures were polished using rotating abrasive discs instead
of microtomy (not shown). B) Schematic of the FIB-SEM slice-and-view principle. The ion beam is at a 38
degree angle to the electron beam. C) 3D representation of the milling geometries used: Tilted, non-tilted
milling and double-non-tilted milling. The sketches illustrate the electron beam (red), ion beam (blue), the
trench and the platinum coating (vellow).

2.3 Sample preparation for Biological electron
microscopy

Biological samples are unfortunately not well suited for electron microscopy: they are not
conductive, they are wet and will evaporate in the vacuum chamber, and they offer limited
contrast. Biological samples such as cells, bacteria and tissues therefore often need to go
through extensive processing before being imaged. Generally, the process requires some
form of sample fixation (stopping biological function), dehydration (removal of water)
and staining (to increase contrast). The three mostly used methods of obtaining this
includes: drying, embedding, and freezing.

2.3.1 Drying

One way of eliminating water from a biological sample is quite simply to dry it. This
results in perfectly vacuum compatible samples which can be imaged in TEM if they are
thin enough and SEM if they are coated with a thin conductive layer. However, simply
drying wet biological samples will result in massive artefacts due to surface tension
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induced forces when the liquid evaporates causing cells and tissue to collapse.

Critical point drying

In order to limit drying artefacts, the samples can be chemically fixed (Section 2.3.2) to
ensure structural stability, additionally the sample can be dried 'gently' via critical point

drying (CPD), a technique commonly used for SEM sample preparation of cells cultured
on nanostructures.

Illustratzon 2.7: Drzed cell on nanostructures A) False colour SEM image of a chemlcally fi xed and
dehydrated cell on nanostructured substrate. B) SEM image of the insides of a dehydrated cell as revealed
by FIB milling. The nanostructures (arrowheads) can be discerned, but there is almost no intracellular
contrast present, although the sample was heavy metal stained with osmium tetroxide.

During critical point drying the forces acting on the samples is limited by avoiding the
water-gas phase. The sample is dehydrated via the supercritical region where there is no
distinction between the gas and liquid phases. To reach the supercritical region the liquid
is heated and pressurised. The supercritical region for water is reached by heating in
excess of 300 °C while being pressurised to more than 200 bar which would cause heat
damage to the biological sample. Instead liquid CO, is typically used as it reaches the
supercritical point at about 31 °C at 34 bar for CO,. However, CO; is not miscible with
water so acetone is often used as an intermediate fluid to remove water. The acetone is
then washed away with liquid CO, and the sample heated and pressurised until the
supercritical point, after which the pressure can be lowered allowing the CO, to evaporate
having avoided the liquid-gas phase.

Drying makes it possible to obtain excellent SEM images showing cells interacting with
nanostructured substrates [50], [67] or even for visualising tissue [68], [69], although with
limited intracellular detail [70], [71] — which is also shown in Illustration 2.7 b.

Negative stain

Another way of preserving the structure of organisms during drying is to use a negative
stain. This is a simple and fast method to study cell components, proteins, viruses and
other similarly small objects typically using TEM, but it is not well suited for studying
larger samples such as entire cells or tissue. The stain should not chemically interact with
the sample, although this is often not completely avoidable. Negative staining is
performed by mixing the wet specimen with the negative stain of high atomic number and
a small droplet pipetted onto a TEM grid with a support film. Most of the mixture is
removed by blotting and the remaining left to dry. The negative stain dries faster and
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enters hydrophilic regions in the sample leaving the electron dense material to envelope
the sample during drying. The negative stain thereby encapsulates the sample, preserves
its structure, provides Z-contrast in the TEM and minimises irradiation damage. The pH of
the negative stain can be tuned to limit chemical interaction, such that it is repelled from
the mostly negatively charged proteins. Uranyl acetate is an example of a negative stain,
which also can work as a positive stain as described later (Section 2.3.2).

2.3.2 Embedding

Instead of drying the samples, which distorts the finer intracellular structures, an often
used technique is to embed the samples in a vacuum compatible epoxy resin. In order to
preserve the ultrastructure of the sample, the embedding process requires several steps
before obtaining a sample suitable for EM, such as: chemical fixation, staining,
dehydration and embedding. This method is the preferred technique in this thesis as it is
well suited for both studying cells grown on nanostructures and tissue samples. It is a
well-documented technique which has been used for many years as it preserves the
ultrastructure nicely and results in stable samples which are easy to handle and store. The
following sections will describe the processes usually applied in more detail.

Chemical fixation

First off, the biological processes of the sample need to be stopped, and the structures
stabilised and preserved as close to their native state as possible. Non-coagulative
fixatives, such as the commonly used glutaraldehyde, formaldehyde, and osmium
tetroxide, stabilise proteins such that they cannot agglomerate later due to coagulating
fixatives (e.g. ethanol). Coagulating fixatives causes rearrangement and agglomeration of
cellular proteins and distorts the finer cell structures during the dehydration process if it
had not been for the primary fixative [72].

The fixatives discussed in this section (additive fixatives) mainly do two things to stabilise
the molecular structure. They become part of the proteins and create crosslinks which hold
them together and fixates the structure. Secondly, they denature proteins® making them
less soluble in water, thereby protecting them from being extracted from the cell during
processing.

Formaldehyde is widely used for embedding in paraffin blocks destined for light
microscopical investigations. It is a small molecule which penetrates tissue rapidly.
However, fixation in formaldehyde is not very stable, as some of the chemical processes
fixing the proteins are reversible during electron microscopy processing. Instead
glutaraldehyde is often used in electron microscopy. Glutaraldehyde is a much larger
molecule so it penetrates the tissue slower, but in return it fixes faster and forms bonds
which are irreversible [73]. In some instances formaldehyde and glutaraldehyde is mixed
to ensure fast penetration and irreversible protein crosslinking.

Before the introduction of glutaraldehyde, osmium tetroxide was used to fixate biological
samples for EM. Osmium tetroxide in particular fixes lipids, e.g. cell membranes, and it is
extremely toxic and penetrates tissue very slowly. Hence osmium tetroxide is not optimal
for handling during fixation of larger tissues in larger animal experiments. In addition,
osmium tetroxide does not fix the majority of proteins and carbohydrates, and it is
therefore currently mostly used as a postfixative as it fixes lipids, but also introduces

6 Denaturation of proteins changes their physical configuration and alters their properties. Boiling an egg
to make the egg whites solid is an example of denaturation process.
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contrast to the sample due to the heavy metal compounds.

To be able to preserve the ultrastructure of the sample it is important that the fixation
process is fast and uniform in the entire sample to limit post-mortem morphology changes.
In particular for fixing tissue, one should therefore consider the limitations of the selected
fixative in terms of penetration depth and speed of fixation. To ensure uniform and fast
fixation, tissue blocks for fixing should be no more than 0.5 mm® for osmium fixed
samples, whereas larger samples (1-2 mm’ depending on the tissue) can be used when
fixing with glutaraldehyde [72]. This is naturally an issue when considering fixing entire
organs of lab animals. The preferred method is to inject fixative into the circulatory system
associated with the targeted organ (vascular perfusion), which ensures that fixative is
distributed evenly in the organ before further handling. If this is not an option, one can
rely on simply extraction and subsequent immersing of the tissue in fixative well
knowingly that quality of fixation will decrease deeper in the organ. The animal studies
performed in this work, relied on the latter approach (Chapter 5).

Besides the choice of fixative, the buffers used to ensure a proper osmolarity and pH is
equally important. If these are not chosen wisely one risks influencing the ultrastructure
greatly. The osmotic pressure as exerted by two liquids on either side of a membrane, e.g.
cellular membrane, is described by its osmolarity. If either liquid contains more or less
solutes which cannot cross the membrane, water crosses to even out the osmotic pressure
causing either swelling or shrinking of the cell. Likewise, the pH changes the way the
fixative interacts with the proteins, where lower pH is more suited for preserving nuclear
constituents and higher pH enhances protein crosslinking [72].

Contrasting

Biological samples are often stained with heavy metals such as osmium tetroxide to
induce better Z-contrast. Samples can be stained prior to embedding (en bloc) or
embedded TEM sections can be stained (poststain). For a comparison of different
preparation methods for FIB-SEM investigation of biological samples refer to [74]. The
contrasting agents used in this work will be described very briefly and includes: osmium
tetroxide, potassium ferricyanide, tannic acid, uranyl acetate, and lead citrate, together
with an additional paragraph on ruthenium red.

Osmium tetroxide has already been mentioned in its fixative capacity, and as noted it has
a high atomic number (76) and can thereby induce contrast in particularly lipid rich
structures e.g. cellular membrane, ribosomes and golgi. Osmium tetroxide further
permeabilises cellular structures making it insensitive to osmotic pressure differences.

Potassium ferricyanide is often used in mixture with osmium tetroxide as intermediate
compounds are formed in the mixture which enhances the osmium contrast. Especially,
membrane and glycogen contrast is increased compared to pure osmium tetroxide, while
ribosome and nuclear chromatin contrast is decreased.

Tannic acid is a naturally occurring substance and only consist of low molecular weight
carbon, hydrogen, and oxygen making it a poor contrasting material in itself. Instead, it
can be used as a supplementary fixative thereby making glutaraldehyde cells less
susceptible to towards drying artefacts as it aids in protecting from protein extraction
during the dehydration process. In addition, it works as a mordant, reacting with
membrane bound osmium and improves binding of other stains such as uranyl acetate or
lead citrate [72].
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Uranyl acetate contains uranium having an atomic number of 92 which means that it can
effectively introduce Z-contrast in the samples. It is a general stain which can be used as a
negative and positive stain. Uranyl acetate binds to both positive and negative protein side
groups and in particular with phosphate and amino groups, thereby staining phospholipids
in membranes and nucleic acids (including DNA) [75]. Uranyl acetate can both be used
en bloc and to penetrate and stain entire ultra-sections. Uranyl acetate should be handled
with care, it is sensitive to light, the solution deteriorates over time, and there is a risk of
uranyl acetate precipitation due to poor filtration or prolonged staining [75].

Lead citrate is, like uranyl acetate, useful for both en bloc and ultra-section staining, but
in this work only used as a poststain of TEM sections. Lead citrate stains membranes,
proteins, nucleic acids and glycogen, and is enhanced by previous osmium tetroxide
staining. Lead citrate is also known to easily precipitate, and when this occurs the mixture
should be discarded.

Ruthenium red is not a standard stain as it has a large molecular size which means that it
does not easily cross plasma membranes, and is consequently known for producing
irregular staining due to this. It has however been shown to effectively stain and preserve
the lung lining, which might be useful in terms of studying CNT penetration of lungs.

Embedding and sectioning

After staining, samples are embedded to preserve their structure, make them vacuum
compatible and to allow for sectioning. Some embedding media are water-miscible, but
most are water-immiscible (Epon, araldite, spurrs) and require dehydration in solvents
prior to infiltration. Epon is the embedding material used in this work, and it is an epoxy
resin, which hardens during thermal curing. It is miscible with ethanol, but even more so
with propylene oxide which is then typically used in the final dehydration step before
infiltration. Both the dehydration and infiltration should be done gradually to avoid
extraction of cellular constituents and to ensure proper infiltration. It is beneficial to avoid
high relative air humidity (+60%) to prevent holes in the specimen during dehydration and
infiltration [72]. After embedding, samples can be thin sectioned for TEM using an
ultramicrotome or imaged with FIB-SEM (Paper II).

2.3.3 Cryo-fixation

Cryo-fixation can in certain cases get closer to preserving biological structures in a more
natural state than drying and chemical fixation, as it can occur very rapidly and preserves
the water in the sample, e.g. [76], [77]. However, ice crystals are formed during normal
freezing of samples containing water, and as ice crystals forms only water is incorporated
in them which mean that as they grow larger they push aside cellular components and
distorts the ultrastructure. To avoid ice crystal formation and obtain amorphous ice, or to
at least limit ice crystal size, rapid freezing (in excess of 10,000 K/s) or freezing at high
pressures can be used.

Rapid freezing can be obtained via plunge- or impact freezing. In plunge freezing the
sample is quickly dropped in cryogenic gasses such as nitrogen or ethane. Impact freezing
is essentially performed by cooling down metal and rapidly placing it in contact with the
sample. Due to the poor heat conductivity of water, good freezing without visible crystal
formation can only be obtained to a depth of about 10 um with these methods [75]. For
freezing larger samples, high pressure freezing can be used. High pressures, usually
around 2050 bar, reduce the rate of ice crystal nucleation, and slow their growth hence
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lowering the necessary cooling rate for vitrification to about 100 k/s. This means that
samples 0.5 mm thick can adequately be frozen.

After cryo-preservation samples should be kept cold and can be imaged in the SEM or
TEM (depending on the method used).

In SEM the sample would in many cases be covered with ice, to expose the underlying
sample cryo FIB-SEM or freeze fracture can be performed [78]. For TEM, a very thin
sample is needed either obtained via cryo-ultramicrotomy, by plunge freezing of a TEM
grid with a very fine liquid layer or by cryo-FIB [79], [80]. Freeze-substitution can be
used to induce contrast and embed the samples into resin, somewhat similar to the
embedding process described, albeit at lower temperatures. Freeze-substitution allows for
correlated imaging with immunostains, and limits loss of lipids and proteins during
dehydratlon [75]

Illustratzon 2.8: A) T EM of chemlcally fi xed and embedded lamella bodies. B) TEM of high- pressure frozen
sample showing a different morphology of the lamella bodies (LB). From Vanhecke et al., 2010. C) Cryo-
FIB-SEM of mouse optic nerve. From Schertel et al., 2013.

Cryo-fixation is an excellent technique for preserving the ultrastructure of cells and
microorganisms, but is mainly reserved for studies requiring very high resolution, as it is
complicated and expensive to perform — especially on tissue and cells on nanostructured
substrates.

2.4 Electron microscopes used in this thesis

I was fortunate enough to be associated with both the Center for Electron Nanoscopy at
the Technical University of Denmark (DTU CEN), and the Core Facility for Integrated
Microscopy at Copenhagen University (CFIM), giving me ample opportunity in selecting
and experimenting with finding the right microscopes for my purpose. Generally,
throughout my project, the choice was between high resolution microscopes at DTU CEN
and slightly worse resolution but better contrast on biological samples at CFIM. For future
reference, this section will briefly describe the used microscopes and in which particular
situation these were chosen.
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2.4.1 FEI Quanta 200 FEG

The QuantaFEG is a medium-range SEM located at DTU CEN, with additional STEM,
environmental SEM and cryogenic capabilities. Due to its lower cost and simplicity (not
dual-beam or immersion) it was preferred for obtaining SE images of dried cells on
nanostructures (Paper V), and for imaging protruding CNTs (Paper II) — the low-vacuum
capabilities were also useful for charging samples. The STEM capability gave fair
resolution and contrast and had the possibility of containing 6 grids so repeated venting
and pumping could be avoided. Unless there was a need for imaging both transmitted and
secondary electrons (Illustration 2.9 a-b), or using the microscopes other modalities, a

designated TEM was preferred over the STEM due to the improve resolution (Illustration
2.9 b-c).
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Hlustration 2.9: Comparison of TEM and SEM-STEM of lung tissue. A) SE-SEM image showing how CNTs
protrude from the thin section are brighter and more sharply defined, than the part of the CNTs that is
situated in the thin section (arrowheads). B) QuantaFEG SEM-STEM image of CNTs in a cell. C)

CM 100 TEM micrograph of the same sample area showing improved resolution.

2.4.2 FEIl Quanta 3D FEG

The FIB-SEM located at CFIM has a coincident point’ at 10 mm allowing for
investigation of relatively large and uneven samples. However, for FIB-SEM imaging of
biological samples typically the high contrast vCD detector is inserted under the pole
piece, limiting the freedom of movement for larger samples.

The high contrast vCD detector meant that this microscope was preferred for 3D FIB-
SEM of lung tissue. Additionally, the FIB provided smoother milling of the CNTs,
possibly due to higher chamber pressure allowing for easier milling of CNTs than in the
Helios (Paper II).

7 The distance to the sample where both the ion- and electron beam are in focus at the same place.
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Hlustration 2.10: FIB-SEM images of lung tissue illustrating the difference a designated high contrast
backscatter detector makes. A) SE image obtained with the Helios in-lens system, the processed image show
significant noise in the dark regions. B) Obtained with the Quanta FEG 3D vCD detector, having low noise
when image adjusted. Images were obtained with similar imaging conditions, including the same pixel-size
and pixel dwell time, and presented in both an unprocessed and a manual contrast/brightness adjusted
version.

2.4.3 FEI Helios Nanolab 600

High-end FIB-SEM located at DTU CEN, with in-column detector and EDS. Compared to
the Quanta FEG, the Helios has better resolution which in particular was due to the
immersion mode, but even though the in-column detector could be setup to preferentially
detect backscattered electrons, the contrast was not as good as a designated backscatter
detector. However, in the ending phase of my project an angular backscatter detector
(ABS) was installed, providing excellent high resolution images with good contrast.

The microscope was primarily used when high resolution FIB-SEM images were required
(e.g. Paper VI), but the newly installed ABS detector makes the microscope very
promising for future use. Albeit care must be taken as the detector is inserted by the pole
piece and when the coincident point of the FIB-SEM is at about 4 mm this does not leave
much room for tilting the sample and hence the sample should be mounted on a pre-tilted
sample holder. When using only the in-lens detector large samples can easily be tilted. The
Helios is more cumbersome to operate, with slower pump down time and it can be a hassle
to turn immersion mode on and off during imaging and milling.

2.4.4 Philips CM 100 BioTWIN

Located at the CFIM, the CM 100 is a basic TEM meant for biological applications with a
minimum of add-ons. It was operated at 80 kV with either a Tungsten or LaBg filament,
and optimised for obtaining contrast rather than high resolution. It was very stable and
simple to operate as it was intended for a single purpose, namely imaging of biological
samples. Additionally, the 80 kV electron beam meant that it provided a good contrast due
to the higher scattering probability of low acceleration voltages compared to the Tecnai.

The high contrast and its ease of use meant that this was the preferred TEM for imaging
CNT interactions with lung tissue (Paper II and Paper III).
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2.4.5 FEIl Tecnai T20 G2

TEM located at DTU CEN, the microscope was geared towards material science with a
wide array of add-ons. The possibilities include STEM-HAADF, energy filtered TEM,
EDS and cryo-TEM. The Tecnai was operated at 200 kV with a LaB¢ filament, which
provided less contrast than the CM 100 on biological samples, but was well suited for high
resolution work.

The microscope was preferred in cases where high resolution was needed (e.g. for
resolving lattice fringes or CNT sidewall spacing), or when the add-ons were tested on the
samples. EF-TEM was not tested, but could as previously noted be used for imaging the
thicker TEM slides.
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Chapter 3

Cellular interactions with nanostructured
substrates

Researchers are working on understanding how cells interact with nanostructures and are
aiming at designing devices that can be used for cell manipulation and intracellular
sensors (Chapter 1). Nanostructures affect many cellular functions, such as cell mobility,
and cell proliferation, but their behaviour is complex and unpredictable. So far there is an
insufficient understanding of cell-nanostructure interfaces. This calls for thorough
investigation of the vast parameter space in a controlled fashion, but also to investigate the
complex interactions on a nanoscale using electron microscopy, the latter being the focus
of this chapter.

The current knowledge of how cells react on nanostructured substrates will be reviewed in
section 3.1. Next, my main contribution to this field will be presented, in the form of a
slightly edited version of Paper I (Section 3.2). Herein, the developed FIB-SEM method
used to investigate cells grown on nanostructured substrates without the need for substrate
removal is described, and the wide phenotypic variety of the interactions observed are
categorised and documented. Subsequently, section 3.3 presents a summary of work done
together with partners from Lund University, where FIB-SEM images were used to show
how certain nanowires can physically indent nuclear membranes. This information helped
in the interpretation of the observed lowered motility, the increased cell division failure
and the DNA damage.

3.1 State-of-art

The state-of-art will describe the current understanding of cellular interactions with
nanostructured substrates in terms of cell behaviour such as adhesion, migration, and
division (Section 3.1.1). Second, the current literature discussing nanostructure access to
the cytosol will be presented and related to the work done during this PhD project
(Section 3.1.2).

3.1.1 Nanostructure influence on cell behaviour

By varying the nanostructures on the substrate it is possible to influence and control
several aspects of cell such as cellular movement (motility), adhesion, morphology and
cell population growth (proliferation) (Table 1). However, it is not possible to predict cell
behaviour on untested nanostructured substrates, as cell behaviour on nanostructured
substrates vary widely depending on both cell type and substrate.
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Study Material Cell Effect
Stem cells Cell-type specific response. Fibroblast
Chen et al., 2012 Glass (hESCs) and moved to nanorough surface, while hESC
fibroblast (3T3) moved to plain surface.
z
E Paper IV Si 3T3 fibroblast Great Varlathn in motility across substrates,
5 no clear relation observed.
= | Paper VI GaP L929 fibroblast Lowered motility on taller nanostructures.
Xie et al., 2010 Pt Eml?ryomc Nanostructgres usgd to reduce cell
cortical neurons ~ movement in certain areas.
Bonde et al., 2013 InAs HEK293 Improved adhesion on nanostructures
compared to glass and planar InAs.
Hallstrom et al., 2007  GaP DRG-neuron Improved adhesion on nanostructures
compared to glass and planar GaP.
Z . .
S |Hallstrom etal., 2010 GaP DRG-neuron Measured cellular forces using bending
7 nanostructures.
5]
= L
3 | Kim & Yang, 2013 Si HeLa Fewer focal adhesion sites on nanostructured
< substrates.
. Fibroblast and Better adhesion on structured PEG, but not
Kim etal., 2005 PEG P19 EC compared to glass (for both cells).
Qi et al., 2009 Si HepG2 Greater adhesion on nanostructured silicon
than glass.
Cell area decreases as nanostructure density
Bonde et al., 2013 InAs HEK293 increases. Cells lie as on a "bed-of-nails" for
high nanostructure densities.
Cell area decreases as nanostructure density
Bucaro et al., 2012 SINW Stem cells increases until a critical point is reached.
Directed cellular outgrowth.
> Fibroblast Larger filopedia production on
8 Dalby et al., 2004 PMMA (hTERT-BJ1) nanostructures and more rounded cells.
=
% Kim et al.. 2012 Si A549 (human lung Smaller area on nanostructured substrates
& ? carinoma cell line) and higher number of filopedia per cell.
o
S |Paper IV Si 3T3 fibroblast Various morphologies and surface areas.
Paper VI GaP 1929 fibroblast Multinuclear cells and nuclear indentation
more prevalent on taller nanostructures.
Piret et al., 2013 GaP R(?tmal cells from Neurite outgrowth enhanced on tall
mice nanostructures.
Paper I Si 3T3 fibroblast vIrarge phen.otv}'/plc variation and tendepcy to
bed-of-nails" effect on dense nanowires.
Stem cells and Stem cells proliferated slower on
E Chen et al., 2012 Glass fibroblast (3T3) nanostructured surfaces.
% Paper IV Si 3T3 fibroblast Changes in cell proliferation.
[~ . .
@) Paper VI GaP 1929 fibroblast More failed cell division on longer

nanostructures.

Table 1 Selection of studies investigating cellular behaviour on nanostructured substrates.
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An early example of how two closely related cell types have opposite preferences on
nanostructured substrates were documented in 1997 [81]. Turner et al., described the
effects of sub-100 nm (40-60 nm wide and 230-320 nm high) silicon nanostructures on
two astrocyte cell types (non-neuronal brain cell). The cells were strongly influenced by
these structures, but the two types of astrocytes showed opposite substrate preferences
[81]. They speculate this was due to the difference in cell preparation, where one cell type
through culturing may have inadvertently been selected to be grown on flat substrates.
Chen et al., made use of cell types different surface preferences for segregating cells [82].
A mixture of stem cells and fibroblast were cultured on a substrate which had RIE
generated nanostructured areas (RIE: refer to Chapter 1). After 48 hours of co-culture the
two populations had divided spatially with about 90% efficiency, such that the fibroblast
was found mainly on the nanostructured areas, and the stem cells on the smooth regions of
the same sample. These two examples showcase some of the difference between cell
types. It is important to note that there is a great difference between a neuronal cell and a
fibroblast, but even between cells found the body and the so-called immortalised cell lines
typically used [43].

Our studies on how fibroblasts were influenced by nanostructured substrates showed that
in particular cell motility was a sensitive indicator for differences in nanostructured
substrates (Paper IV). However, the silicon nanowire substrates did not express a clear
relation between the substrate topography and the motility (Paper IV). The reason why we
did not observe a clear structure-motility correlation, might have been due to the great
variance in the nanostructured substrates (70-1700 nm in diameter, 60-4200 nm tall and
0.2-5 um pitch). In contrast when varying only the length of the nanowires (GaP), a
simple correlation between decreased cell motility and cell proliferation for increasing
nanowire lengths was found (Paper VI). Using knowledge of nanostructures influence on
motility, researchers are experimenting with limiting cellular movement for
electrophysiological measurements [83], or for guiding cellular movement and growth
[841-[86].

The decreased motility observed on some nanostructures might be due to increased
adhesion compared to control samples. For example, 4.4 uym tall and 92 nm wide
nanowires at various densities all lead to significantly stronger adhesion compared to the
flat controls as tested by rinsing [87]. This was linked to slightly larger and elongated
focal adhesion sites®, at similar focal adhesion densities, possibly explaining the improved
adhesion. In literature adhesion is often improved on nanostructured substrates [87]-[89],
but this is not always the case. For example, Kim & Yang observed a significant decrease
in focal adhesions per HeLa cell on silicon nanowires, and along with a diffusive
behaviour of the focal adhesion sites, the adhesion to the substrate appeared lower than
controls [90]. Likewise, Kim et al. noted an increased cellular adhesion of P19 EC cells
and fibroblasts on PEG nanostructured substrates compared to control PEG substrates, but
the adhesion was worse when compared to flat glass substrates [91]. Nanostructures
therefore do not unequivocally result in stronger adhesion, but rather adhesion varies with
material, nanostructures and cell types.

Nanostructures have also been used to estimate the adhesion forces of cells. Recently,
SEM of dried cells on bending nanowires where used to describe cellular forces [92]. FIB-
SEM was used to reveal nanowires bending underneath a CPD dried cell (CPD: refer to

8 Focal adhesions are large and dynamic protein complexes which are formed by the cells to anchor
themselves to the substrate and for driving cellular movement.
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Chapter 2). However, interpretation of the forces based on dried cells may be misleading
as the cells most likely endures volume changes during dehydration and drying [93], [94].
Li et al., investigated cell forces based on nanowire bending observed with SEM after
CPD of cell, and found forces in the range of 2-4 uN for three different cell types [95]. In
contrast, experiments performed on live cells on nanostructures report forces in
nanonewton [96]-[99]. Differences may naturally be due to cell variations or other
variations, but we think that the effects of sample processing should be considered.

The morphology of cells is greatly influenced by nanostructures. This involves larger
filopedia production presumably used for cells navigating the nanotopographical
landscape [92], [100], and directed cellular outgrowth [84], [101]. In several instances, the
cells appear more rounded (presenting a smaller projected cell area) on nanostructured
substrates (Table 1). Interestingly, for a particular set of cells and nanostructures, a study
has found that decreasing cell area for increasing nanostructure densities occurs up to a
certain critical point, at which the cells starts resting on top of the nanowires (‘bed-of-
nails') [101]. Although we did not have the necessary statistical foundation for arguing that
more densely packed nanowires causes cells to rest on top of nanowires in Paper I, it has
been documented in other cases [87], [101]. Control of surface morphology has potential
for use in tissue-engineering applications and for growing neuronal networks [102].

In both Paper] and Paper VI we describe how nanowires cause nuclear indentations.
Paper VI further describes that longer nanowire structures cause failed cell division and
multinuclear cells, and that this might be due to the extreme nuclear indentation observed.
We also noted changes in cell proliferation in Paper IV, and Chen et al., similarly found
slower proliferations of cells on nanostructured surfaces [82]. In general it appears that
cell population growth is lower on nanowire arrays than flat substrates [102].

3.1.2 Nanostructure access to the cytosol

There is a large interest in obtaining intracellular access with nanostructures for molecular
delivery [8], [10], [103], [104] and intracellular measurements [5], [7], [105]. However
there is some discussion in literature as to how easily this is obtained [10].

On several occasions scientific studies have claimed to have penetrated cellular
membranes with nanowires, but generally these statements relied on the expression of
biomolecules, AFM’ force measurements readings or CLSM imaging [8], [88], [106],
[107]. Penetration might in many cases have occurred, but seeing as in-cell recordings can
be achieved by extracellular electrodes [108] and spontaneous cellular access is rare [50],
[109], one could argue that some of the data indicating cellular penetration might simply
be proximity effects. In addition, TEM have shown that cell membranes can wrap closely
around nanowires, thereby excluding them from the cytosol [110]. This tight wrapping of
nanostructures weakens claims of cellular penetration based solely on CLSM images
showing nanowires apparently within cells, as it would not have the needed resolution to
resolve a 5 nm thick cellular membrane (Chapter 2.1).

Recently, methods relying on light microscopy making it possible to detect cellular entry
have been developed. Berthing et al., used a membrane staining protocol and were able to
show thin membranes enveloping nanowires apparently going all the way through cells,
they found that about 95% of the investigated nanowires were enclosed by a membrane

9 Atomic force microscopy (AFM) scans the surface with a tip mounted on a cantilever, thereby resulting
in a topological map of the surface.
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[50]. Live view imaging of the delivery and effect of fluorescently quenching ions via
hollow nanowires have further been used to develop a rapid method for detecting cellular
access [109]. Using the method they found that spontaneous cellular access was a rare
event occurring for less than 10% of the nanostructures [109]. We have further
substantiated the notion of extreme membrane folding, and provided a method for electron
microscopic verification of the developed LM methods for assessing cellular entry using
FIB-SEM (Paper I and Paper VI).

In spite of the seemingly low efficiency of cellular entry observed in literature,
nanostructure mediated delivery of biomolecules to the cytosol still have a potential. For
even though less than 10% of the nanowire entered the cells, due to the dense nanowire
pattern, this meant that about 10 nanowires actually penetrated the cell, and this could be
improved by coating the nanostructures [109]. Likewise, the efficiency of cellular delivery
has been increased by using diamond nanostructures and centrifugation to let material
from the medium enter cells [9]. In any case, nanowire arrays for intracellular access and
delivery should be tuned for each specific cell type, and when this is done it may be a
valuable tool in providing insights into disease variability [104].

Simply relying on random and low cellular entry efficiency may not suffice in brain-
machine interfaces or for electrophysiological measurements. To further increase cytosol
access, electrical pulses have been used to temporarily permeabilise cells [10], [67], [111].
Electroporation, as this technique is called, has successfully been used to increase the
delivery efficiency of nanostructures and improve intracellular measurements with
nanostructures. For instance, measurements after permeabilisation resulted in a larger
signal in the case of intracellular recordings, and the signal gradually decreased in the time
scale of a few minutes, indicating partial recovery of the outer membrane [67].

The apparent robustness of cellular membranes and the ability to recover from some
membrane piercings [67], helps explains how cells can have reasonable viability on
nanostructuers [13], [87], [88], even when nanostructures indents nuclear membranes
(Paper VI) or goes all the way through a cell [50].

3.2 Paper |

Mapping the Complex Morphology of Cell
Interactions with Nanowire Substrates Using FIB-
SEM

I would like to thank Rafat Wierzbicki for the extensive work he carried out on this project
before my involvement. He fabricated the substrates, performed the embedding and did
part of the FIB-SEM imaging. Additionally, I would like to thank Mikkel Jensen, Joanna
Lopacinska, Michael Schmidt, Maciej Skolimowski and Fabien Abeille for contributing to
the experimental setup. Minor non-essential corrections to the manuscript have been
performed since publication, and the format changed to fit that of the present thesis.

3.2.1 Abstract

Using high resolution focused ion beam scanning electron microscopy (FIB-SEM) we
study the details of cell-nanostructure interactions with serial block face imaging.

3T3 Fibroblast cellular monolayers are cultured on flat glass as a control surface and on
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two types of nanostructured scaffold substrates made from silicon black (Nanograss) with
low- and high nanowire density. After culturing for 72 hours the cells were fixed, heavy
metal stained, embedded in resin, and processed with FIB-SEM block face imaging
without removing the substrate. The sample preparation procedure, image acquisition and
image post-processing were specifically optimised for cellular monolayers cultured on
nanostructured substrates.

Cells display a wide range of interactions with the nanostructures depending on the
surface morphology, but also greatly vary from one cell to another on the same substrate,
illustrating a wide phenotypic variability. Depending on the substrate and cell, we observe
that cells could for instance: break the nanowires and engulf them, flatten the nanowires or
simply reside on top of them. Given the complexity of interactions, we have categorised
our observations and created an overview map. The results demonstrate that detailed
nanoscale resolution images are required to understand the wide variety of individual
cells’ interactions with a structured substrate. The map will provide a framework for light
microscopy studies of such interactions indicating what modes of interactions must be
considered.

3.2.2 Introduction

Nano- and micro-fabricated structured substrates achieve an increasing amount of interest
in cell biology, where their uses are as diverse as biochemical manipulation [8], [112],
supporting and controlling cell movement [13], [113], [114], electrophysiological
measurements [105], [115], [116] and intracellular measurements [117], [118]. Despite
this multitude of uses and large interest in nanowires in cell biology, the basic modes of
interaction between nanostructured substrates and cells are poorly understood, both in
terms of the topography on an ultrastructural level, and in terms of the biological
processes when compared to for instance endocytosis of dispersed particles where several
pathways have been studied intensely [119], [120].

Examples in literature often show critically point dried (CPD) cells imaged by a scanning
electron microscope (SEM). This method provides excellent images showing how cells lie
on the particular substrate, and one can get an idea of the level of interaction with the
substrate by cell protrusions such as lamellipodia [8], [13], [88], [117], [121]. However it
cannot be seen how the nanowires behave below or inside the cells. Combining CPD cells
on substrates and focused ion beam SEM (FIB-SEM) does provide some answers about
the cell-substrate interaction, but CPD leaves little intracellular ultrastructure intact [71],
[122], [123]. Drobne et al. managed to obtain some detail by critically point drying a
chemically fixed and stained digestive gland epithelium and demonstrates that FIB-SEM
can be used for imaging internal structures in biological samples [124]. The method
proved suitable for obtaining gross tissue morphology and comparison with embedded
TEM images, but the method lacks intracellular detail due to poor contrast which is also
illustrated in [113].

Studies have also been done with light microscopy methods such as confocal microscopy,
were cells have been imaged in contact with nanostructures in the form of substrates or
probes [8], [107], [117]. These images can be made in physiological relevant solutions, but
they require fluorescent labelling and are generally limited to a resolution of about 200 nm
[125].

Transmission electron microscopes (TEM) together with heavy metal stained and
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embedded samples provide high resolution and detailed ultrastructural information in
biological specimens [105], [110], [113], [126]. The required thin samples are typically cut
using an ultramicrotome. However, for samples also containing glass or silicon substrates
as used in this work, there is a risk of delamination and distortions during ultramicrotomy
[127], [128]. Therefore the substrate is often removed prior to thin sectioning by either
etching [105], [110], temperature induced cleavage [113], [122] or other methods [64],
[126], [129]. Exceptions are Dalby et al., who manages to avoid substrate removal as they
use PMMA structured substrates which can be sectioned by an ultramicrotome [100], and
Gnauck et al., who uses a FIB to gain access to fibroblast cells on silicon microstructures
[130]. Substrate removal could pose an obstacle if nanostructured substrates are to be
removed mechanically as the process risks deformation of the nanostructures, but if
suitable chemical agents exist, part of or all the substrate can be chemically etched away
leaving the structures intact [105]. By using FIB-SEM, substrate removal is not required
and this is beneficial in circumstances when the substrate for some reason cannot be
removed and is not suitable for microtomy. Alternatively, one can make use of lamella cut-
outs made using a focused ion beam (FIB) and image them in the TEM, but this is a very
time consuming process [131] although providing higher ultimate resolution than SEM.
Here we use block face imaging with the FIB-SEM to image cell volumes at the expense
of the higher resolution in TEM.

The large interest in nanostructures and their possible applications in cell biology have
sparked many studies investigating the cell-substrate interactions. In 2004, Dalby et al.,
published a study showing how fibroblast would use filopodia to probe a substrate covered
with PMMA nanopillars. They provided SEM images of CPD cells and TEM images of
embedded cells [100]. Several other studies have also been published on the subjects of
cell morphology [100], [132], differentiation [15], [133], [134], and motility [13], [135] on
nanostructured substrates. There is in particular a large interest in excitable cells on
nanostructures for electrical signalling and recording. For instance, increasing cell
signalling by growing cells on CNT covered substrates [115], [136], or close-proximity or
penetrating nanostructured arrays for measurement and activation [8], [67], [105], [137].
Several electron microscopy studies have been made of the interfaces [71], [105], [122]. In
the Thomson Reuters Web of Science database, the search term “nanowire* and cell* and
bio*” indicates about 200 publications per year in the field. It highlights the importance of
furthering our knowledge of cell-nanostructure interactions, and the need for categorising
the effects we see to gain an insight into the biology involved as has been partly done with
endocytosis of nanoparticles [119], [120].

In-situ FIB-SEM imaging gives the opportunity to do serial block face imaging which can
be reconstructed into a 3D representation of the sample and provide a large 3D image
volume [65]. Several reports present how FIB-SEM can be used to image frozen
biological samples [128], [131], [138], but ultrastructure visibility is limited due to the
poor contrast. Combining the techniques known from polymer embedded TEM samples,
and the fast FIB-SEM method it is possible to achieve a fair quality of the ultrastructure
and volume imaging [63]-[65], [113], [126], [138]. Except for Bittermann et al., the
literature on embedded FIB-SEM on biological samples tends to focus on various forms of
substrate removal as was the case for TEM — depending on the sample this may introduce
artefacts or simply be impractical. The focus on removal comes from the embedding
method which leaves a large volume of resin above the cells, and removing the substrate
makes the cells easily available from below.
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In this paper we present a study of block face FIB-SEM imaging of polymer embedded
3T3 Fibroblast cell monolayers on nanostructured substrates without prior removal of the
substrate. To our knowledge we are one of the few (together with [130]) to show FIB-
SEM images of resin embedded cells on nanostructured samples without any removal of
the underlying substrate, and present FIB-SEM images of cells cultured on a set of
different substrates: Flat glass is used as a reference and two morphologies of silicon
nanowires are used. We tested both a tilted- and a non-tilted milling approach depending
on the sample.

We present an overview map of the observed interactions between the nanostructured
substrate and the cells. Some of these intricate interactions have, to our knowledge, not
been reported previously and demonstrate how complex these can be. For example we
observed how nanowires were broken off from the substrate and subsequently engulfed by
the cells and ordered in tightly packed clusters. We also observed how microvilli of cells
could probe into the nanostructures they rested on. Lastly, we show an instance of
nanowires indenting the nucleus without penetrating it. This leads to numerous issues to
consider when performing light microscopy on such samples as many of the
nanostructures used for optical studies are often not directly observed by e.g. fluorescence
from the nanostructure itself. The map also provides a starting point for organizing
observations from the many different reported experiments and is a beginning to
categorise the many different interactions and eventually studying the detailed underlying
pathways.

3.2.3 Materials and methods

Nanostructure substrate fabrication

Two different black silicon substrates also known as "nanograss" (Jansen et al., 1995)
were used: one provides high density silicon nanograss (Nanograss A), while the other has
sparser nanowires (Nanograss B). A table of the substrates’ different characteristics can be
seen in Table 1, refer to Appendix B for SEM images of the substrates.

Sample Height [nm] Width [nm] Density [um~?]
Nanograss A 990 £+ 190 80 + 60 9.6 0.8
Nanograss B 1170 £ 280 70 + 40 45+0.3

Table 2: Overview of the different nanostructured substrates. The uncertainties are 2 times the standard
deviation giving a two sigma / 95% confidence.

The black silicon nanograss was made from 4" low doped silicon wafers using maskless
deep reactive ion etching (DRIE). Differing nanostructures were obtained by controlling
the reactive ion etch parameters [139]. For instance the density is controlled by varying
the process chamber pressure and coil electrode power, whereas the height scales linearly
with processing time. DRIE was performed in an advanced silicon etcher (Surface
Technology Systems), the SF /O, ratio was 1.11, while the platen power was 120 W, and

the chamber pressure was between 8 and 56 mTorr. This formed nanostructured “silicon
grass” at a rate of about 2 nm/s [139].
Cell monolayer culturing

Mouse embryonic fibroblasts (NIH3T3) were cultured on plain glass substrates, and
10 x 10 mm diced silicon chips with Nanograss A and Nanograss B (Table 1). Before
culturing, the chips were sterilised with 70% ethanol for 20 minutes, and flushed 3-4 times

36



with pure water or PBS. The cells were cultured in Dulbecco’s modified Eagle’s medium
with Glutamax (DMEM; GIBCO Life Technologies), 10% fetal bovine serum (FBS;
Sigma) and 1% penicillin-streptomycin (P/S; GIBCO Life Technologies). Standard
conditions of 37°C and an atmosphere of 5% CO, were applied. As capillary forces during

drying are known to result in nanowire bending and clustering [140], care was taken to
always have liquid covering the samples during preparation.

Cell monolayer post-culture processing

After culturing for 72 hours the cells were fixed, stained and embedded. First, the samples
were fixed with 2% glutaraldehyde in 0.05 M sodium cacodylate buffer, pH 7.2 (isotonic,
300 mOsm) for 1 hr, rinsed in 0.15M sodium cacodylate buffer pH 7.2 (2 x 30 min), and
postfixed in 1% osmium tetroxide in 0.12 M cacodylate buffer pH 7.2 (isotonic,
300 mOsm) for 1 hour. Next, the specimens were rinsed in Milli-Q water (2 x 10 min) to
remove osmium residues, and stained with 1% tannic acid in Milli-Q for 1 hr. Following a
rinse in Milli-Q (2 x 10 min), the sample was stained with 1% uranyl acetate for 2 hrs. The
specimens were dehydrated and embedded in Epon according to standard procedures
(Appendix B).

The polymerised Epon formed a meniscus over the substrate, leading to a thick resin layer
in the centre and a thinner layer near the chip edges. This meant that a circular band of
cells were directly accessible with the FIB-SEM, with an excessive thick layer in the
centre which thinned out towards the periphery leaving only collapsed cells outermost.

FIB-SEM

Two FIB-SEM beam systems from FEI were used: the Quanta FEG 3D, and the Helios
NanoLab 600. The first system makes use of a dedicated backscatter detector and the
second an in-lens detector.

The cells of interest were localised from atop in standard SEM, using the highest
acceleration voltage (30 kV) to detect cells underneath the embedding material. In this
paper, results are presented which were typically buried 5 um deep in the embedding
medium (cell top to surface). When a cell of interest was located, the acceleration voltage
was lowered to 1.5-5 kV depending on the equipment and crossover alignment of both
electron and ion beams was performed. To gain access to the cell, rough milling at high
ion beam current (7-20 nA) was used, forming a trench in front of the cell. The time for
trench milling was approximately 10-20 minutes, followed by finer milling (0.26-1 nA)
prior to image recording.

Both microscopes have installed G2 Slice and View software provided by FEI Company. It
offers recording of slice stacks with a practical slice thickness as low as 10 nm in our
experience, and image sizes and resolution allowing detailed imaging of whole cells. The
thickness is limited by the ion beam alignment and stability and not the software.
Automatic refocusing of the image is possible when the specimen holder is tilted and
milling is done normal to the sample surface, but not for larger samples where non-tilted
milling had to be performed (also called slanted milling [63]).

To avoid damaging the dedicated vC backscatter detector in the Quanta FEG 3D large
samples could not be tilted. Thus to compare non-tilted and tilted sample images a post-
processing algorithm was developed to get representative image volumes and comparable
images (please refer to Appendix B). Besides allowing milling of large samples, another
advantage of non-tilted milling is the decreased brightness gradient resulting from deep
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trench imaging [63]. However, this process is more computational heavy, and suffers more
if the slice thickness is not sufficient for resolving 1D nanostructures compared to tilted-
milling.

If the slice thickness is not sufficiently small for resolving the 1D nanostructures, slanted
milling (horizontal sample) would to a larger degree lead to these appearing as pearls on a
string (see Figure 5 of cells on Nanograss B).

Image processing

After the slice and view stack has been recorded several steps are required to convert it
into a useful 3D dataset. To do this three steps are required: image scaling to correct for
imaging on a slanted surface; alignment of the individual slices; and a coordinate
transformation to match the original volume — all of which was done with the freely
available ImageJ software.

The image is first scaled to obtain the image aspect ratio of the true slice surface instead of
the compressed projection image from the tilted view. When image stacks are obtained,
small random shifts between the slices occur, which is corrected with the stackreg plugin
for imageJ. Lastly, affine volume transformations and rotation is performed to level the
substrate to reshape the image volume to the original sample geometry. This procedure
was done both for ordinary tilted milling, but also for non-tilted milling showing how a
representative 3D stack can be obtained also when using non-tilted milling. To illustrate
some of these transformations, the image stack obtained with non-tilted milling of a cell
on glass can be observed from the side in Illustration 3.1. For further detail refer to
Appendix B.

a

embedding
medium

Hllustration 3.1: Side views of the non-tilted milling image stack obtained of a cell on glass showing the
sequential processing operations’ effects. A) The individual slices have been aligned forming a fairly smooth
image using stack-reg algorithm. B) Then the substrate is corrected such as to annul the effects of automatic
E-beam shifts in the Slice and View program, resulting in a 52 degree substrate. C) Finally the image stack
is rotated 52 degrees to represent the sample on the flat substrate having been cut at an angle.

3.2.4 Results

We first describe the blank sample with cells on glass and evaluate the FIB-EM quality.
Next, an overview map of the observed interactions on nanostructures is presented,
followed by discussions on interactions observed on different substrates.
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Cells on a flat substrate

For the NIH3T3 cells cultured on the unstructured blank sample of flat Pyrex glass and
investigated with FIB-SEM the final stack’s resolution given by the pixels of the original
image was 10 nm in X direction, 10 nm in Y direction and 100 nm in Z direction. Please
note that the coordinates differ from that of typical cell microscopy as the FIB mills
perpendicular to the sample making the X- and Y direction the width and the height of the
cell respectively, instead of letting the Z direction denote the height of the cells as in
confocal microscopy (cf. Appendix B).

embedding
medium

microvillus

cytosol

nucleus

mitochondrion® .

substrate

Hllustration 3.2: FIB-SEM image of cell on glass showing front view and top views. A) Front view shows a
non-processed as-imaged slice of a cell on a glass substrate. One can see the nucleus, microvillius, and
organelles such as mitochondria in the cell cytosol. The arrowhead highlight the discrete points where the
substrate and cell are in contact. Dashed white lines indicate the two height levels of the horizontal top view
sections shown below. H1) Horizontal top view section of the cell close to the substrate level for the fully
corrected stack, here it is seen that the cell contacts with the substrate in lines. The two white arrowheads
show one such site where the cell touches the substrate. H2) A top view of the stack is shown higher up in
the cell.

The correction procedure compromises the resolution in the Y direction as each pixel here
have been multiplied with 1.27 as the SEM image is a projection of a 52 degree slanted
surface, see Appendix B for a comparison of as-imaged and corrected front view images.

The image of the cell on glass (Illustration 3.2) shows a cell with well-defined organelles,
membranes, and nucleus. Some vacuoles are seen in the cytoplasm of the cell on plain

39



glass which is to be expected for fibroblasts, however no vacuoles were seen in the
nucleus and vacuolisation indicating apoptosis was not observed [141]. The reconstruction
was done for 100 slices of non-tilted milling and only limited distortions are seen in
[lustration 3.2 H1 where horizontal ripples appear, whereas there are no distortions to
mention in the section shown in Illustration 3.2 H2. The ripples visible near the substrate
are possibly due to imperfect alignment of the images using the stack-reg algorithm, which
is less evident higher in the cell where there is no sharp transition between a flat substrate
and the cell.

Even though no specific staining has been used to mark specific organelles or adhesion
sites, the FIB-SEM method gives a high resolution three dimensional stack which here
provide unique images. For instance when the stack has been corrected (and even before)
it is possible to directly observe where the cell is in contact with the substrate. This can be
observed both in the front view and top view, cf. Illustration 3.2. From these images one
can see that the cell interfaces with the substrate in lines, and not as points. This could be
correlated with fluorescent labelled actin or focal adhesion stains to determine what these
lines exactly represent [96], [126], [142]. Illustration 3.2 A is a non-processed SEM image
front view, since the processing steps diminish the resolution and image quality slightly
(cf. Appendix B); however, the same adhesion sites are observed in the fully processed
stack as observed from Illustration 3.2 H2.

Cells on silicon nanowires, an overview

During experimentation we have found several different ways that the cells interact with
nanostructured substrates. In some instances the cell appeared to break off the
nanostructures and engulf them, in other cases the nanowires appear to have penetrated the
cell and in some the cells were observed lying on top of the nanostructures, these and
more interactions can be found in Illustration 3.3.
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Schematic Wide field Close up

Hllustration 3.3: Map of the various cell-nanowire interactions observed. 6 cases are outlined with a
schematic view and two supporting FIB-SEM images illustrating the case. Case VII, vacuolisation is to a
large degree observed in images displaying Case III and Case VI. The close-up images are either regions
from the lower magnification image or higher resolution images from a different image.
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Based on the observations, we have defined 7 overall different interactions between the
silicon nanowires and the cells, creating a starting point for a map of cell interaction with
nanostructured substrates (Illustration 3.3). It is a map showing cell morphology and not
behaviour such as differentiation, toxicology or motility. The figure shows a schematic
presentation of the interaction, a wide field image and a larger magnification of the same
interaction (although not necessarily on the same cell or sample).

Many of the nanowire-cell interactions would not have been easily observable using light
microscopy, ordinary SEM with CPD cells, or TEM of single microtomed slices. The
images hence illustrate the unique capability of the FIB-SEM for imaging cells on
nanostructured substrates. All these cases show that studying cells on nanostructures can
lead to complicated interactions most likely affecting the cells in numerous ways
compared to the blank glass sample.

The different morphological cases observed in the investigated cells:

Casel On top: A nanowire forest working as a scaffold for the cell, where the cell
has little to no contact with the underlying flat substrate beneath the wires,
but rather the cell rests on top of the nanowires, which may create inwards
bulging of the cell membrane. Observed for both types of nanograss, however
more common on Nanograss B.

Case Il  Indented membrane: The outer membrane may be indented to fold closely
around the nanowire. The nanowire could penetrate the outer membrane
although the present images do not clearly show if that is the case. In extreme
cases, the nanowires were seen to indent the nuclear envelope. Some
nanowires have been flattened, meaning that the pitch between the remaining
nanowires have increased, possibly allowing the cell to sink down on the
remaining nanowires thereby allowing the nanowires to reach further into the
cell than Case I and to affect the nucleus shape. This was only observed for
Nanograss B.

Case Ill  Uptaken: Nanowires, torn off from the substrate, and taken up by the cell.
Nanowires can be found inside the cell in clusters within vesicles, an
interaction seen in all cells, but more extreme in Nanograss A.

Case IV  Flattening: Cell flattening weak nanowire forest. This effect is in particular
seen in Nanograss A, but also seen to a lesser extent in Nanograss B.

CaseV  Interface: In some instances nanowires were torn off the substrate and would
remain in the interface between cells. Only observed in Nanograss A.

Case VI Probing: All cells showed varying degree of microvilli or bleb like structures
probing the nanowires, but were in particular prevalent in Nanograss A.

Case VII Vacuolisation: Increased vacuolisation in the cell, in some cases these
contained nanowires. Illustrated by images from Case II and Case IV

These different cases are based on the FIB-SEM images from 10 different cells, 5 cells on
Nanograss A and 5 on Nanograss B. Table 2 gives an overview of the interactions
observed in the different cells. With the limited number of cells examined we cannot
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conclude much about the general frequency of these cases, nor give any indication as to
the dynamic processes involved. For half of the studied cells, the cell was found to be on
top of the nanowires (Case I), while Case IV was observed for the remaining 5 cells. All
of the cells expressed multiple cases as can be seen in Table 2.

Only a single cell showed Case II behaviour, whereas uptaken nanowires (Case IIT) were
observed in all the cases, however the most extreme cases were observed in the cells
which also displayed a high degree of nanowire flattening (Case IV). In a single instance
nanowires in between two cells were seen (Case V). As mentioned all 10 cells showed
varying degree of nanostructure probing (Case VI), and 3 cells showed increased
vacuolisation (Case VIII) while having rather extreme nanowire uptake (Case I1I).

# Substrate Casel Case Il CaseIll | CaselV CaseV Case VI | Case VII
1 A X X X
2 A X X X
3 A X X X X X
4 A X X X X
5 A X X X X
6 B X X X
7 B X X X
8 B X X X
9 B X X X
10 B X X X X

Table 3: Overview of the different cases observed in the 10 cells. Here it is evident that cells express more
than one case and that some of these might be related, and in some instances be prerequisites for certain
cases.

High density silicon nanowires (Nanograss A)

In the case of cells cultured on Nanograss A, the images indicate that the nanowires did
not have sufficient mechanical strength to withstand forces exerted by the cell. The cells
would typically flatten the nanowires (Case IV) and engulf them (Case III), as seen in
[Mlustration 3.4 A. Nanowires were also observed stuck in between two adjacent cells’
membranes (Case V). Five cells were imaged (not whole cell 3D slice and view), all of
them showed varying degrees of nanowire uptake into organelles appearing like vesicles
(IMlustration 3.4). Two cells showed significantly lower concentration of engulfed NWs
than Illustration 3.4 A. Four cells almost completely flattened the nanowires, whereas the
remaining was situated on top of the nanowires. Generally the substrate also induced a
high level of microvilli activity probing the nanowires as illustrated by Case VI, and in
some instances increased vacuolisation as Case VII.
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Hlustration 3.4: FIB-SEM images of cells on Nanograss A, illustrating different cell behaviours on the same
substrate. A) FIB-SEM image showing a cell having engulfed broken-off nanowires, and clearly bent silicon
nanowires underneath the cell. The nanowires are closely packed in tightly formed clusters inside what
appears to be vesicles. B) Another cell on the same substrate, this time the nanowires have been bent by the
cell but not completely flattened.

Once inside the cell, nanowires tended to agglomerate in vesicles or areas with a distinct
lack of heavy metal staining. It is not clear whether the agglomeration of the nanowires
was caused during endocytosis, where the cell uptakes the nanowires in vesicles to avoid
direct contact with the cytoplasm, or the nanowires had agglomerated prior to intake due
to nanowire clustering or a wetting effect.

In some instances the nanowires appear as hollow cylindrical objects with ellipsoidal cross
section when cut at oblique angles; while direct end-on imaging provides round cross
sections (cf. Illustration 3.4). However, the nanowires are not expected to be hollow, as
they are created by a top-down processing approach by etching of a monocrystalline
silicon substrate. This observation can be explained with the formation of a native silicon
dioxide at the nanowires’ surfaces or even some plausible oxide growth during processing.
Silicon dioxide has a higher secondary electron yield than bare silicon, in fact, K.
Okamoto in 1980 showed how measuring the ratio in secondary electron signals from bare
silicon and silicon oxide could be used to determine the thickness of the oxide [143]. This
effect means that surface oxide would yield a larger generation of secondary electrons than
bare silicon, resulting in higher brightness. The images showing ‘hollow’ nanowires have
been obtained with an in-lens system from FEI, which also captures secondary electrons.
This explains why the nanowires have a bright oxide ring around an inner silicon core,
producing the hollow looking nanowires. This is not observed in the other images
presented in this paper as a designated backscatter electron detector has been used (for
instance see Illustration 3.3, Case III close up), limiting the visual effect of the increased
secondary electron generation from the oxide.

Nanowires could to some degree have been flattened during handling or perhaps be a
result of cell deformation or shear forces during the embedding process. However as the
nanowires in Illustration 3.4 B show, the nanowires appear to be tilted in either direction
indicating that it is due to a specific cell interaction with microvilli instead of overall cell
volume changes or any dislocation during the embedding procedure. Furthermore, the
nanowires outside the range of the cells are freely standing up, and images of standing
embedded nanowires having endured the same treatment can be seen in Appendix B.
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Low density silicon nanowires (Nanograss B)

For the cells cultured on Nanograss B many of the same phenomena were observed as
with Nanograss A. For the 5 investigated cells, 4 of them were found to be lying on top of
the silicon nanowires as illustrated by Case I (see Illustration 3.3). To some extent
nanowires were also bent underneath the cell as Case IV. Like Nanograss A, nanowires
were found inside the cells as described by Case III, and microvilli interaction with the
nanograss was observed (Case VI), albeit both cases appear to be less prominent
compared to Nanograss A. Unique to a single investigated cell, nanowires were seen
indenting the nuclear membrane (Case II).

For one cell cultured on low density silicon nanowires, the nanowires appear to enter the
cytosol and penetrate the cellular membrane (cf. Illustration 3.5). However, the resolution
of the images is not sufficient to unambiguously determine whether the nanowires are
enveloped by a membrane or not. The nuclear envelope appears not to have been
penetrated but rather indented and remains on top of the nanowires (cf. Illustration 3.3)
much like the case for the outer membrane when cells lie on top of nanowires (Case I).
Also observed on the figure is the difference between an ‘as imaged’ and corrected image.
On the ‘as imaged’ slice, the nanowires appear as isolated white dots due to the nanowires
being cut by the FIB at a non-normal angle. In the fully corrected stack, the nanowires
appear as a string of white dots, which illustrates a case of insufficient Z-resolution
(excessive slice thickness) in slanted milling. The slices were made at an interval of
100 nm for this particular sample, exceeding the diameter of the nanowires (approximately
70 nm). This means that the nanowires cannot be fully represented in the recreated volume
and accordingly takes shape as a string of spheres. Illustration 3.5 therefore illustrates the
suboptimal sampling frequency which gives rise to artefacts in the reconstruction, even
though important cellular features are still discernible.
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Hllustration 3.5: FIB-SEM images of a cell on Nanograss B. A) As imaged (y-corrected) slice showing the
nanowires which appear as white dots due to insufficient sampling frequency. Also worth noting is the
example of Case III behaviour with microvilli probing the nanograss as outline by the white frame. B) The
fully corrected stack can be seen, here the stack has been fully corrected such that independent white dots
representing a single nanowire align, illustrating the suboptimal sampling frequency. In some cases the
nanowires are not shown from top to bottom as they are slightly tilted compared to the section, quite
possibly due to interaction with the cell. Also seen is how the nucleus is avoiding the nanowires (White
arrows), and the rippling artefacts which occurs in the corrected front view as previously mentioned.

The reason why the nanowires in the corrected image in some cases do not show the entire
length of the nanowire (top-to-bottom) is that the nanowires were tilted compared to the
imaging plane (cf. [llustration 3.5). In general, the cell appears to have exerted significant
force to the nanowires, in some instances slightly tilting them, and in others bending them

45



such that they lie under the cell (cf. Illustration 3.6).

This stack (Figure 5) is a good example of multiple behaviours observed in a single cell
with Case II, Case IV and Case VI behaviour. The cell’s nuclear membrane is indented
by the nanowires (Case II), but it also flattens some of the nanowires (Case IV) while
probing the nanowires (Case VI). Flattening of nanowires is best seen in Illustration 3.6
where horizontal top view sections are displayed, again illustrating the unique volume
viewing quality of the FIB-SEM.
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Hlustration 3.6: Image se ing the top view FIB-SEM images

Nanograss B. The sections have been made from 2 um above the substrate and down. The illustrates the
major forces in play, clearly showing how several nanowires were bent underneath the cell leaving only a
few left to indent the nucleus membrane.

Compared to Nanograss B, the dense silicon nanowires in Nanograss A seem more fragile
even though their characteristics are fairly similar except for their density; Nanograss A
was to a larger extent not able to withstand adhesion forces exerted by the cell. In addition,
Cells on Nanograss A also seemed to have higher silicon uptake and it is accordingly fair
to assume that it would have a significant influence on the cells, and possibly also induce
apoptosis as the vacuolisation in some cells suggest [141]. It is unclear whether the
nanowires are uptaken only directly from the substrate’s surface or whether they are taken
up from the surrounding solution, which could be possible for Case V where loose
nanowires are situated in the interface between cells.
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3.2.5 Discussion

The cells breaking up and bending the nanowires implies a certain amount of force applied
to the substrate. Regarding the forces in play responsible for the nanowire perturbations
seen in the different cases, it is a well-known issue that capillary forces can result in
nanowire clustering, which is why samples were kept wet after the first wetting [140]. It is
evident from the images showing standing nanowires underneath cells and from the blank
nanowire samples (Appendix B) that capillary forces and processing did not induce
extensive clustering or breaking of wires, although some collapsed nanowires are always
to be expected during fabrication and processing.

Several studies have been made on forces involved in nanowire bending and breaking.
Using AFM measurements on silicon nanowires Hoffmann et al., measured standing
silicon nanowires bending strengths. For a variety of nanowire sizes (diameters from 90-
190 nm) with height width ratios between 4 and 12 they obtained a maximum force before
fracture between 1 uN and 7 uN [144]. The relationship between the maximum force and
the aspect ratio of the nanowire appears to be linear. Assuming similar conditions for our
silicon nanowires, the fracture force for the used nanowires can be calculated to be around
300 nN.

If we only look at gravitational forces, a cell used in this experiment is estimated to be no
heavier than 5 ng (mass of a HeLa cells is about 2-3 ng). This will give rise to a force of
about 50 pN when ignoring the buoyancy. Assuming that the density of the cell is 10%
higher than the medium, this only results in a gravitational force of 5 pN, which according
to the rough estimate of the nanowire strength should not be sufficient to flatten or break
the nanowires as we have observed and would in the observed cases also be distributed
over many wires. The cells can, however, apply considerable in-plane forces: single focal
adhesion site (FAS) forces of 10-30 nN have been reported by Balaban et al., and in
addition a single cell has been shown to be able to resist a transverse pulling force of
450 nN without detaching from the substrate [96]. Forces measured on single pillars have
been reported in the 50 nN range for fibroblasts [98], [99]. Measuring the lateral
deflection of silicon nanowires for CPD dried cell on the substrate, Li et al. reported cell
traction forces in the uN range for three different cells lines [95]. Munevar ef al. reported
average traction forces for migrating fibroblast in the order of 1-5 uN per cell, by
measuring the displacement of substrate integrated beads in the wet state [145].

We speculate that these numbers from the literature describing cell forces could indicate
that focal adhesion sites and cell movement do have the necessary strength to cause some
of the effects which we have observed. In most cases (6 out of 10 observed), the cell was
seen lying on top of the nanostructures where cell forces were not sufficient to bend a
large amount of nanowires. Migrating cells, however, might incur higher traction forces
and possibly be able to flatten larger areas of nanowires as seen in some instances in
literature [145].

Regarding the presented map it should be seen as a first attempt at organising the cell-
nanostructure interactions as has been done e.g. with endocytosis of nanoparticles [119],
[120]. Many of the observed cases have also been seen or hinted in literature on a wide
variety of cell types and substrates. For instance cells have been found to reside on top of
nanostructures (Case I) in several papers [88], [110], [130]. Hanson et al. used
ultramicrotomed thin sections to image the interface between cortical neurons on
nanopillars. By varying the dimensions and density of the pillars they found cells that lied
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on top of the structures (Case I) and also how a cell could sink down onto the pillars
resembling Case II [110] though they did not observe nuclear indentation. TEM images of
nuclear indentation (Case II) were obtained by Hai ef al., where spine shaped gold
protrusions indents the nucleus membrane [105].

Regarding the uptake of 1D nanostructures (Case III), a lot of the focus has been on
carbon nanotubes and their possible toxicological effects [39], [146], but other materials
has also been investigated [147]-[149]. Common for these studies is that the
nanostructures were in some form of suspension, while uptake of initially substrate fixed
nanowires does not appear to have been reported elsewhere.

As discussed above, certain cell types are able to exert significant forces on nanostructures
[96], [98], [99]. But the structures they used were quite robust as they were used for force
measurements so the same flattening effect (Case IV) was not seen to such an extreme
degree. Cell probing of the nanostructures (Case VI) have been seen in multiple instances
[91], [100], whereas increased vacuolisation (Case VII) due to nanowire uptake to our
knowledge has not been reported, but increased vacuolisation due to other perturbations
have been documented [150], [151]. By organising the interactions one might find
correlations between the complex interactions and better our biological understanding of
the underlying pathways as has been done with endocytosis of nanoparticles [119], [120].

3.2.6 Conclusions

FIB-SEM imaging of cells on nanowires provides a unique 3D imaging modality, and has
the ability to resolve a variety of different internal and external interactions between cells
and a nanostructured substrate, based on embedded and heavy metal stained samples. The
method presented show interactions with a resolution not obtainable with
confocal/fluorescence microscopy, and allows 3D reconstruction of the sample not easily
obtained with TEM.

Regarding the trueness of our images, many of the interactions were seen in multiple cells.
In addition, the ultrastructure of the cells seems well preserved with visible cell
membranes, nuclei and organelles. The fact that the nanowires did not collapse during
sample handling also indicates that the images provide a fair representation of what could
actually have taken place in vitro.

It was also shown that non-tilted FIB-SEM milling could be performed and the stack be
reconstructed with the developed method using the freely available software (ImagelJ). For
non-tilted milling, one should be mindful of having sufficient sampling frequency, while
tilted milling was less susceptible to the issue when imaging vertical nanostructures.

Even though the two nanowire substrates were quite similar, differences in cell behaviour
could be observed. Nanograss A appeared to have more fragile nanowires which more
easily broke of the substrate, were engulfed by cells or simply flattened underneath the
cell. Nanograss B in contrast proved to be a more sturdy substrate, but still nanowires
were flattened, tilted, and uptaken. The difference between these two substrates seems to
be linked to the density of nanowires, where Nanograss A had a higher density of wires
leading to groups of nanowires sticking together and more nanowires being bent. In either
case both substrates has a strong perturbing effect on the cell morphology.

As we have shown, the vast phenotypic variability gives a large difference in cell
appearance on nanostructures, and illustrates that single cell investigation is not sufficient.
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Quantification of cell-nanostructure interactions thus requires careful statistics by methods
with higher throughput, for instance light microscopy methods, and then supported with
representative imaging with FIB-SEM, which is outside the scope of this paper. This study
provides an overview map that serves as a starting point for development of high
throughput light microscopy methods capable of investigating cell-nanostructure
interactions taking due care of the many possible types of interactions. Additionally, to
make the map more complete we suggest using TEM for higher resolution imaging cell-
nanostructure interfaces imaging as it can be used to resolve how the cell membrane bends
and if it has been penetrated, thus expanding on previous work performed [105], [110].

Investigations using electron microscopy have led to an increased understanding of the
vast complexity of cellular membrane anatomy; this is particular true for the different
nanoparticle uptake pathways in cells which have been observed [120]. The field of
endocytic pathways has evolved from a singular focus on clathrin-mediated endocytosis to
10 different mechanisms [120], illustrating the complexity of cellular membrane transport.
Likewise the case of uptaken nanowires will likely utilise numerous pathways, and the
way the cells interact with anchored nanostructures may cause novel pathways to come
into action. Furthermore, the 7 cases presented in the map should by no means be
interpreted as an exhaustive list, the vast complexity of endocytic pathways illustrates that
more research is warranted into this field.

Our work focused on ultrastructural FIB-SEM investigations of cell-nanostructure
interactions. To attain a greater understanding of the interactions we would suggest
extensive correlated studies with fluorescent markers, and the usage of molecular
techniques to block certain molecular mechanisms to be able to pin-point the biological
processes involved, using the presented map as a starting point.
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3.3 Paper VI summary

Fibroblasts Cultured on Nanowires Exhibit Low
Motility, Impaired Cell Division, and DNA Damage

In a continued effort to uncover how cells interact with nanostructured surfaces we
investigated how they influence cell division (Paper VI). The purpose of this study was to
increase our understanding of cell-nanostructure interactions, and allow for better design
and interpretation of experiments for cellular measurements or for biomolecular delivery.
The nanostructures were made by random deposition of 80 nm particles onto a galium
phosphide (GaP) substrate and VLS growth (Chapter 1). Instead of varying the density of
the nanowires, we varied the height, as it has been suggested that altering the height of the
nanowires can be used to target certain parts of the cell for intracellular measurements or
biomolecular delivery [152]. Such that short nanowires only reach the cytosol of the cell
while longer structures can penetrate deeper and interface directly with the nucleus.
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Hllustration 3.7: A) Mean square displacement of cells on the nanowire and control substrates. The cells on
the long nanowires are the ones moving the least. B) Percent of cells having more than one nucleus. This
increases for longer nanowires. C) Light micrograph of cells embedded in Epon. The cells were located
visually and selected prior to FIB-SEM. Data analysis and figures A and B were made by Henrik Persson
(Paper VI).

Decreased cell motility and cell growth was seen to be directly proportional to the length
of the nanostructures (Illustration 3.7 a). The reason behind the decreased cell proliferation
on the nanowire samples was investigated using time-lapse microscopy by Ph.D. student
Henrik Persson (main author of the article). By studying the phase holographic time-lapse
data, Henrik uncovered that cell division was more frequently aborted on substrates with
the tallest nanowires, and more so on nanowire substrates than on the control substrates.
On all substrates cell division was initiated by the cell rolling up, and at successful
division two daughter cells were produced. However, on the long nanowires cells more
often rolled up and then spread out without dividing and simply resulted in a larger cell.
Using fluorescence microscopy, cells on long nanowires were seen to result in significant
increase of multinuclear cells due to failed cell division (Illustration 3.7 b). A study
showed that multinuclear fibroblast in cell cultures were caused either by fusing with
macrophages or by cells no longer undergoing cytokinesis whilst continuing DNA
replication [153]. Seeing as the fibroblast in our case was in a single culture and the
process followed with time-lapse, failed cytokinesis and continued DNA replication
appear to be the most likely explanation of the multinuclear cells.
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3.3.1 FIB-SEM results

The samples with the long and short nanowires were prepared for FIB-SEM as described
in Paper I. Light microscopy images of the Epon embedded cells, like the time-lapse data,
suggested that larger than normal cells were produced on the nanowire substrates
(Ilustration 3.7 c). Using the optical images as a guide, the larger cells could be found and
investigated with FIB-SEM. Nanowires were found physically impeding deep into the cell
for the tall nanowires (Illustration 3.9), and we speculate that the tall nanowires may
physically hinder cytokinesis while still maintaining DNA replication (Paper VI). Whereas
cells on the short nanowires more easily divide as they can lift and free their nucleus from
the nanowires during division.

High resolution images of tall nanowires apparently deep in the cell revealed that some of
these were excluded by the cytosol (Illustration 3.8). So in certain cases, nanowires 80 nm
thick could be protruding deep into the cell (+4 um) and still be encapsulated by a very
flexible outer membrane. As already mentioned in Section 3.1.2, this observation further
supported the notion that cellular penetration is harder to obtain than first imagined.

o

Extracellular NW

Hlustration 3.8: FIB-SEM images showing the nanowires bein excluded by the cytoa;ol by a tﬂhm lipid
membrane. Legend: Nucleus (Nuc), cytoplasm (CP), cellular membrane (CM), nanowire (NW), gold catalyst
particle (Au).

FIB-SEM images also revealed that even the longest nanowires did not appear to penetrate
the nucleus, but instead lead to expressed nucleus avoidance which we had previously
observed to a lesser degree (Paper I). However, Xu et al., states that about 5% of their
samples had nanostructures penetrating the nuclei [109]. So we cannot completely rule out
that nuclear penetration in fact occurs in our samples due to the limited FIB-SEM sample
size. When coupled with immonofluorescence microscopy showing DNA damage and
increased concentrations of reactive oxygen species (ROS) in the cells cultured on
nanowires, it was speculated that DNA damage was caused by increased ROS formation
and not by direct DNA-nanowire interaction. Extreme nuclear avoidance was later
described and confirmed using CLSM [87].
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Short nanowires

Long nanowires

Hlustration 3.9: FIB-SEM images of nanowires in cells, with a sketch illustrating overall cell appearances.
A) Short nanowires induce significant nucleus indentation, and does not appear to penetrate the nucleus. B)
The long nanowires show larger nucleus indentation and cells showcase multiple nuclei or alternatively a

very lobed nucleus. Legend: Nucleus (Nuc), cytoplasm (CP), nanowire (NW), gold catalyst particle (Au) and
DNA dense areas in nucleus (*).

3.4 Summary

Based on literature and our studies, the behaviour of cells is influenced greatly when
grown on nanostructures (Paper IV and VI). It was determined that nanostructures could
affect cellular motility, viability and division, but that the results usually could not be
generalised to other cell types or substrates. Even on very similar substrates there was a
great cell-to-cell variance when imaged using SEM (Paper IV) and FIB-SEM (Paper I).
This is also expressed in the wide variability observed using FIB-SEM (Paper I).

Following initial development and testing of the FIB-SEM method for imaging cells on
hard nanostructured substrates, we have provided the first EM map of how cells interacts
with nanostructures on a substrate. However, the investigations revealed very complex
nanoscale interactions, which suggest that further studies involving light microscopy
methods should be correlated with EM. Additionally, we have helped highlight how
difficult it can be to design nanostructures to penetrate cellular membrane (Paper VI). In
several instances we saw both extreme outer membrane and nuclear envelope indentation
caused by nanostructures, excluding the nanowires from the cytosol and nucleus,
respectively.
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Chapter 4

Electron microscopy of CNTs in lung
tissue

To complement the in vitro investigations focusing on nanostructures potential uses, we
have studied the interactions of nanostructures in vivo in relation to their potential health
hazards. For that purpose lung tissue was chosen since it is currently considered to be the
most important route of human exposure to the nanoparticles in production today. The
toxicity of CNTs has in several cases been compared to that of asbestos, and CNTs are
known to cause pulmonary toxicity even at low concentrations. Developing methods for
studying CNT interaction in vivo for the purpose of understanding their effects is therefore
highly relevant in terms of being able to design non-toxic CNTs.

In order to visualise how CNTs interact with lung tissue, TEM has been the preferred
method as it provides the necessary high resolution images to resolve the interactions.
However, we believe that FIB-SEM represents a potential asset in this field which is
currently unexploited. Therefore, this chapter will describe, my contribution to
developing, testing, and discussing the usability of FIB-SEM as a complimentary
technique to TEM.

This chapter will start out by describing the tissue fixation quality which we obtained, as it
is important for further analysis (Section 4.1). The state-of-art for EM imaging of
biological samples is described in Chapter 2 and Paper II. A reprint of Paper II will be
provided, describing my main results in this field (Section 4.2). It focuses on exploring the
potential of FIB-SEM for imaging CNTs in tissue and compares it to the more standard
TEM method. This will be followed by section 4.3, describing the possible origin of the
CNT contrast. The work done in this chapter was carried out in collaboration with the
National Research Centre for the Working Environment (NRCWE).

4.1 Tissue fixation

As mentioned in Chapter 2, the animal studies performed in this work, relied on
immersion fixation. To limit image artefacts, the lungs were filled with fixative prior to
extraction and immersion fixation. This allowed fixative to flow to the air spaces in the
lung and ensured fair fixation, even though areas having been poorly fixed were observed
(Illustration 4.1). To ensure optimal fixation, perfusion fixation should have been
performed, but this is a more troublesome and thus requires animal handling staff
experienced with this procedure. Additionally, some of the samples were stored longer in
fixative prior to embedding, and this appeared to cause some lipid extraction, visible in
poorly fixed mitochondria in samples stored for longer.
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4.2 Paper ll

FIB-SEM imaging of carbon nanotubes in mouse
lung tissue

Before presenting Paper II, I would like to thank and acknowledge my co-authors, in
particular the collaborators at NRCWE where the animal exposure was planned and
carried out. Minor edits have been made to incorporate the manuscript in this thesis, but
the nature of the text is the same.

4.2.1 Abstract

Ultrastructural characterisation is important for understanding carbon nanotube (CNT)
toxicity and how the CNTs interact with cells and tissues. The standard method for this
involves using transmission electron microscopy (TEM). However, in particular the
sample preparation, using a microtome to cut thin sample sections for TEM, can be
challenging for investigation of regions with agglomerations of large and stiff CNTs
because the CNTs cut with difficulty. In consequence, the sectioning diamond knife may
be damaged and the uncut CNTs are left protruding from the embedded block surface
excluding them from TEM analysis.

To provide an alternative to ultramicrotomy and subsequent TEM imaging, we studied the
use of focused ion beam scanning electron microscopy (FIB-SEM) of CNTs in the lungs
of mice, and we evaluate the applicability of the method compared to TEM.

FIB-SEM can provide serial section volume imaging not easily obtained with TEM, but it
is time consuming to locate CNTs in the tissue. We demonstrate that protruding CNTs
after ultramicrotomy can be used to locate the region of interest, and we present FIB-SEM
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images of CNTs in lung tissue.

FIB-SEM imaging was applied to lung tissue from mice which have been intratracheally
instilled with two different multiwalled CNTs; one being short and thin, and the other
longer and thicker. FIB-SEM was found to be most suitable for detection of the large
CNTs (@ ca. 70 nm), and to be well suited for studying CNT agglomerates in biological
samples which is challenging using standard TEM techniques.

4.2.2 Introduction

Carbon nanotubes (CNTs) are a very promising nanomaterial in a wide variety of
applications due to their excellent mechanical and electrical properties [154], [155].
However, concerns have been raised about safety due to their chemical stability and
structural similarity to asbestos fibres. Pulmonary exposure is the exposure route of
primary concern both in the working environment and in the general environment.
Accordingly, it is important to understand the potential interaction between CNTs and the
lung, which is why lung tissue has been chosen for this study. The concerns have been
strengthened as pulmonary exposure to CNTs in a number of animal studies has shown a
very consistent asbestos-like toxicological response characterised by inflammation,
granulomas and fibrosis with low no-effect levels [35]-[37].

In order to predict the toxicity of CNTs and to make them safe-by-design, it is important to
be able to link the toxicity of engineered CNTs to their physical and chemical properties
such as length, diameter, coating, charge, and impurities, and to understand how they
affect, enter, and eventually locate within the different cell types in the lung. High
resolution electron microscopy has aided in the understanding of the uptake mechanisms
of CNTs [156], [157], which unlike asbestos are able to penetrate and enter cells directly
without endocytosis [158]. Additionally, advanced TEM techniques have demonstrated
how CNTs can escape endosomal membranes [159] and thereby challenge phagocytic
cells in a manner not recognised from asbestos fibre research, as the toxicity of asbestos to
a higher degree is caused by “frustrated phagocytosis” [38].

In the bright field transmission electron microscopy (BF-TEM) imaging mode,
agglomerates (non-specifically bound bundles) or even single multi-walled CNTs
(MWCNT) have been observed using various in vitro models [159]-[161]. Pantarotto et
al. studied HeLa cells exposed to CNTs, the TEM images revealed that CNTs were
dispersed in the cytosol and appeared absorbed via a non-endocytotic pathway, which was
confirmed using endocytosis inhibitors. Both Lee ef al. [160] and Al-Jamal ef al. [159]
studied CNT uptake by macrophages, which mainly revealed CNTs being located in
agglomerates within vesicles inside the cells. Interestingly, Al-Jamal et al. noted that 14
days after exposure, TEM images showed that the CNTs were more individually dispersed
in the cytoplasm, indicating that the CNTs had escaped the vesicle enclosure [159].
Additionally, Al-Jamal ef al. imaged individual CNTs apparently in the process of directly
crossing the plasma membrane and showed how the plasma membrane could enwrap
single CNTs [159]. TEM imaging has also been performed on in vivo samples [162],
[163]. Using light microscopy (LM), Ronzani et al. observed bundles of MWCNTs in
alveolar macrophages, and this was confirmed with TEM [162]. However, BF-TEM
imaging further revealed CNTs in neutrophils and in the mucus layer lining the ciliated
epithelial cells, which was not resolved with LM due to the low CNT concentration
present in these cell types [162].
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BF-TEM has its disadvantages particularly in resolving smaller CNTs, such as single-
walled CNTs (SWCNT), from the carbon rich environment. Especially, Alexandra Porter
and her group have employed materials science TEM techniques such as High Angular
Annular dark field TEM (HAADF-TEM), energy filtered TEM (EF-TEM), and TEM
tomography, to provide more selective detection of CNTs against a carbon rich
background such as the embedding resin. For example, EF-TEM has been used to create
contrast between CNTs and non-stained cells [57]. For a review of these methods please
refer to [157].

A major drawback with TEM when trying to resolve how CNTs enter cells is the loss of
the third dimension, as it can be difficult to distinguish between whether CNTs are inserted
through the membrane, are membrane bound, or have been dislodged during microtomy
and thereby lie on the surface of the TEM section [159]. The issue can in part be
circumvented by performing 3D TEM tomography, where a tilt series of TEM images are
reconstructed into a 3D representation of the sample [159], [164]. Tomography adds time
consuming complexity to the imaging while still only obtaining data from a very limited
volume only about 300 nm thick [164].

Both ordinary TEM and TEM tomography of CNTs in biological samples are prone to
preparation artefacts when using ultramicrotomy to cut the ultrathin sections [158], [164].
The hard particles (e.g. CNTs) often cause damage to the diamond knife used in
ultramicrotomy as they are not readily cut, instead the particles are often torn from the
sections and cause scratches and holes in the section [158], [164], [165].

To circumvent the ultramicrotomy artefacts from TEM preparation, a focused ion beam
(FIB) in combination with a scanning electron microscope (FIB-SEM) is an alternative
method. The samples for FIB-SEM are processed and stained much in the same manner as
embedded TEM samples [14], [65], [66], but instead of using a diamond knife an ion
beam is used to expose the sample. The ion beam mills through the embedded sample
material and uncovers a new surface of the sample which can be imaged with the SEM.
FIB-SEM can be operated in an automated mode with sequential milling and image
recording. After 3D reconstruction the image stack can provide a larger volume compared
to TEM tomography, but with a slightly lower resolution (typically 5-20 nm) compared to
TEM (typically 2-5 nm in biological samples)[55], [65]. With FIB-SEM, the orientation of
the CNTs in relation to the cell membrane is not critical, as the 3D image data can be
reconstructed to a 3D volume with potential isometric resolution. Compared to TEM, the
FIB-SEM has the potential to avoid microtomy artefacts and render fast 3D images to
uncover the CNT-cell interaction. Even though FIB-SEM has been noted to have great
potential for mapping nanoparticles inside tissue and has been used to image MWCNTSs in
monocyte cells [157], this method has yet to be applied to investigating CNTs in tissue,
and tested whether it in fact provides easy and artefact-free volume imaging of CNT
exposures.

In this paper, we present TEM images of two types of CNTs in mouse lung tissue and
some of the consequences of ultramicrotomy artefacts. In addition, we present SEM
images of the microtomed block face, which can be used to localise regions of interest due
to protruding un-cut CNTs. Subsequently, we study how FIB-SEM can be used to provide
images of CNTs in lung tissue, and the artefacts linked to this method. Additionally we
discuss how to limit milling artefacts and introduce a new milling geometry (called
double-non-tilted milling) to avoid such artefacts. Using two types of CNTs with varying
size and stiffness, we illustrate the applicability and critically assess the limitations of this
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method. We also document how the FIB-SEM can work as a complementary tool to TEM
for imaging CNTs in biological samples especially in ‘hot-spot’ regions with high
concentration of agglomerated CNTs.

4.2.3 Materials and methods
CNTs

A large and a small type of MWCNTs have been used (TEM images in Illustration 4.2).
The small CNT sample was NRCWE-026 (CNTgman) from Nanocyl with an average length
and width of 850 nm and 10 nm. The second type (CNTpu.), was NM-401 which is a test
material in the Nanogenotox project (Nanogenotox, 2013), and compared to CNTsan these
are about 5 times larger, measuring an average length of 4 um and having a thickness of
about 70 nm. Further information regarding the two types of CNTs is presented in
Appendix C.

)llustraiion 4.2: TEM micrographs of the Mo CN%’ types used. A) CNTsya. B) CNT, La,ge; J

Mice

Female C57BL/6 mice 5-7 weeks old were obtained from Taconic (Ry, Denmark). The
mice were allowed to acclimatise for 2 weeks before the experiment. All mice were fed
(Altromin no. 1324, Christian Petersen, Denmark) and allowed water ad libitum during the
whole experiment. The mice were group housed in polypropylene cages with sawdust
bedding and enrichment at controlled temperature 21 + 1°C and humidity 50 £10% with a
12-h light: 12-h dark cycle. Female mice were studied at 8 weeks of age. The experiments
were approved by the Danish “Animal Experiments Inspectorate” (permit 2010/561-1779)

and carried out following their guidelines for ethical conduct and care when using animals
in research.

Preparation of exposure stock and intratracheal instillation of CNTs

CNTs were suspended by sonication in NanoPure water containing 2% serum collected
from C57BL/6 mice. The particle suspensions (3.24 mg/ml) were sonicated using a
Branson Sonifier S-450D (Branson Ultrasonics Corp., Danbury,CT, USA) equipped with a
disruptor horn (Model number: 101-147-037). Total sonication time was 16 min at 400 W
and 10% amplitude. During the sonication procedure the samples were continuously
cooled on ice. The mice were treated with a single intratracheal instillation of 162 pg of
CNTs in a 50 pl volume, as previously described [166]. The mice were anesthetized with
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4% isoflurane in the chamber until fully relaxed and 2.5% during the instillation. Vehicle
controls were intratracheally instilled with NanoPure water with 2% serum sonicated as
described for the CNT suspensions. The samples were part of a toxicological study in
which three doses were used (18, 54 and 162 pg/mouse). Only the highest dose was
chosen for the electron microscopy method development presented in this study. The dose
studied (162 pg) corresponds to pulmonary deposition during 32 8-hour working days at

the current Danish occupational exposure level for carbon black (3.5 mg/m3) assuming a
10% deposition rate [35] and a ventilation rate of 1.8 L/h for mice [167]. Clearance of
CNTs from lung has a reported half-life of ca. 1 year [37] and therefore we assume that
none of the deposited CNTs would be removed within this time frame.

Lung tissue

24 hours after the intratracheal instillation, mice were anaesthetised by subcutaneous
injection of Hypnorm—Dormicum and the mice were bled by cutting the groin. The lungs
were fixed in situ, by cannulating the trachea and delivering 2% glutaraldehyde in 0.05 M
cacodylate buffer (pH 7.2) at a constant fluid pressure of 30 cm before the thorax was
opened. The fixative was mixed from glutaraldehyde (SPI Supplies #02608) and sodium
cacodylate (Sigma-Aldrich #C4945). Thereafter the lungs were excised and immersed in
2% glutaraldehyde 0.05 M cacodylatebuffer (pH 7.2) and stored refrigerated until further
processing.

Sample treatment

Following fixation, homogeneous looking 1 mm?® samples of the alveolar regions of the

lung were cut out by a scalpel. The samples were rinsed in 0.15 M phosphate buffer (pH
7.2) and subsequently in 0.15 M sodium cacodylate buffer (pH 7.2) and postfixed in 2%
osmium tetroxide (Polysciences #0972A) and 0.05 M potassium ferricyanide (Sigma-
Aldrich #702587) in 0.12 M sodium cacodylate buffer (pH 7.2) for 2 hours. Following 3
rinses with Milli-Q the samples were en bloc stained with 1% Uranyl acetate (Leica
Microsystems, Ultrastain-1) in Milli-Q water overnight at 4° C. The samples were
dehydrated in ethanol and embedded in Epon according to standard procedures (TAAB
Laboratories Equipment, TAAB 812 resin kit).

To prepare the embedded samples for FIB-SEM, and to allow for a comparison between
the information gained from TEM and FIB-SEM, ultrathin sections (80 nm) were cut with
an ultramicrotome (Leica Ultracut UCT). The diamond knife angle was 6 degrees, while
the cutting speed was set to 1.5 mm/s. The sections for TEM were post-stained with uranyl
acetate and lead citrate (Leica Microsystems, Ultrastain-2). Following ultramicrotomy the
exposed surfaces were ready for FIB-SEM imaging. TEM imaging was performed on a
CM 100 BioTWIN from Philips operated at 80 kV.

FIB-SEM

Following microtomy the Epon block samples were mounted with conductive silver paste
(EMSdiasum, 12686-15) on SEM stubs and sputter coated with gold. Imaging was
performed in high vacuum, and both an in-lens and a designated backscatter detector were
used on two different FIB-SEM systems: FEI Helios and FEI Quanta FEG 3D. The Helios
in-lens system, with immersion mode operated in either SE or BSE mode, had a higher
ultimate resolution than the Quanta FEG 3D FIB-SEM with the designated backscatter
detector (vVCD — low voltage high contrast detector). In return, the Quanta FEG 3D
detector is more sensitive to backscattered electrons and as the contrast in the sample
stems from inelastic scattering on electrons on the heavy metal staining (Z-contrast) [65],

58



[157] the Quanta FEG 3D in our case provided images with better contrast. In SEM,
regions of interest with lung tissue and neighbouring protruding CNTs were located with
high acceleration voltages (30 kV) for the maximum penetration depth to visualise tissue
within the resin block. The angle between the electron- and ion beam was 52° and FIB
milling was performed using a 30 kV Ga-ion beam with beam currents ranging from
0.44 nA to 7 nA during fine- and rough milling, respectively (Illustration 4.3 a). SEM
images of the embedded CNTs were obtained using low acceleration voltages (2-5 kV)
and low beam currents (1.4-4 nA) to limit beam damage. Image stacks were processed
either according to the tilted-milling or non-tilted milling approach as previously
described [66], and subsequently post-processed in Amira.

To limit milling artefacts for obtaining a 3D FIB-SEM image stack, a new milling strategy
was introduced, named double non-tilted milling (Illustration 4.3 b). This involves
locating an area of interest, where non-tilted milling is performed in front of the
protruding CNTs. Next, the sample is rotated 180 degrees around a vertical axis, and again
non-tilted milling is performed in front of the CNTs resulting in a blunt wedge (Illustration
4.3). Now the sample is rotated 180 degrees again to clean up the ‘milling surface’ and
deposit a 0.5 pum to 1 pm thick platinum layer on the ‘top surface’, afterwards ordinary
slice and view imaging performed.

a b

E-beam
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Ion beam Ion beam

resin

/\ resin SN

,,,,,,,,,,,,,,
RPaotats

Hllustration 4.3: Schematic of the milling geometries used. A) Standard milling approach where the sample is
tilted 52 degrees. B) The double non-tilted milling method, where milling is performed without tilting the
sample whereby a wedge is created which has two FIB polished surfaces.

4.2 .4 Results

TEM of CNTs in lung tissue

TEM analysis verified that the fixation and embedding had maintained adequate
preservation of ultrastructure. The control samples displayed well fixed and stained tissue
with preservation of organelles such as lamellar bodies and mitochondria.

As expected, the samples from CNT-treated mice contained more microtomy artefacts
than the control sample. Agglomerates of CNTgsna tended to give rise to marks
(Illustration 4.4 a) caused by the diamond knife failing to cut the CNTs, but the context
and ultrastructure of the cells surrounding the agglomerates were still resolvable. Artefacts
were especially apparent in the sample with CNT ., see [llustration 4.4 ¢-d. The CNT e
caused scratches and holes in the sections, in some cases obfuscating the context of the
CNTs. TEM images with microtomy artefacts have been observed previously [159],
[168]-[170], generally the artefacts presented in the literature are not as pronounced as in
the present study (Illustration 4.4). The reason may be that relatively clear areas are
normally chosen for publications and/or that smaller CNTs are studied. However, studying
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only small CNTs or regions with no sectioning artefacts introduces a bias in the sampling
and excludes agglomerates and high concentration ‘hot-spots’ from being studied in the
same detail.

§ yig

Bl

Hlustration 4.4 TEM micrographs of lung tissue with CNT syar (a-b) and CNT uge (c-d). A) Overview image
of a large agglomeration of CNTsuu in the region where black arrowheads highlight very dense CNT
agglomerates in the alveolar lumen. The CNTs are causing minor microtomy artefacts (stripes extending
from the middle of the image towards the lower right corner). B) A CNT sy is seen interacting with a cell
(insert), and a CNT observed freely inside the cytosol (white arrowhead). C) Overview image showing
CNT e between cells causing major microtomy artefacts. D) TEM image of a dense agglomeration of
CNT e resulting in holes and stripes in the ultrasection. A — alveole, AM — Alveolar macrophage, E —
erythrocyte, N — nucleus, Pl — pneumocyte (type 1), and P2 — pneumocyte (type Il). Black arrowheads
indicate CNT agglomerates, whereas white arrowheads indicate single CNTs

Generally, the artefacts comprised of folds, knife marks and holes, but in some instances
CNTs were dragged across the sample surface and deposited elsewhere, as was also
documented for hard particles [165]. In the case of CNT ., artefacts were linked with
obvious scratches and drag marks, but besides the marks it was not possible with standard
bright field TEM to document whether the CNT were part of the sample or deposited on
top of the section. Clear drag marks were not observed on the CNTgya sample and we
found examples of CNTs both inside and outside the cells. In some cases it was clear that
the CNT was imaged in place as they would seem to be in the process of penetrating the
cell by indentation of the membrane, while others would appear inside a cell without any
indication of CNT-cell interaction (Illustration 4.4 b). Accordingly such images may be
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interpreted as further proof of CNTs avoiding or escaping the endosomal pathway [159],
[161], or alternatively they may represent CNTs which have been dragged and deposited
onto the cell leaving an irresolvable dragging path.

SEM of ultramicrotomed blocks

To emphasise the effect that the hard CNTs can have during ultramicrotomy, the blocks
were imaged with SEM after ultramicrotomy (Illustration 4.5). This revealed that both
CNTsman and CNTpae remain protruding from the block following sectioning, leaving
much of the desired CNTs unsectioned. Similar protrusions have been observed following
fracturing CNT composite materials [171], [172]. In the paper by Choi et al., the CNT
could in some instances leave indentations of where it had been in the material prior to
fracturing. Likewise, we have observed that CNTs can leave an imprint in the Epon layer,
which is caused by the diamond knife forcing them to bend and flatten along the surface of
the block. Once clear of the diamond knife edge the stiffness of the CNTs apparently
makes them straighten up again.

It should be noted that the microtomy artefacts presented here for the CNT L sSamples are
quite extreme, but the SEM images can still serve as an example of how much insufficient
cutting by the diamond knife can influence what is imaged in the TEM. This could also
explain why CNTs are rarely imaged from “atop” having been cut orthogonal to their long
axes, as even the small CNTs in this example had protruding CNTs still remaining in the
block.

To confirm that the structures protruding from the ultramicrotomed block faces of the
embedded lung tissue were indeed CNTs, pure CNTs were embedded and
ultramicrotomed. The same protruding structures were seen as in the lung tissue samples

== e - _ = et = 3 e — £
Hlustration 4.5 SEM micrographs of the exposed block surface following ultramicrotomy. A) Image of the
CNTsuar sample protruding slightly from the microtomed surface. B) A CNTug sample after microtomy,
where large protruding CNTs are seen which in some cases have left an impression in the Epon block during
flattening. C) Low magnification overview of how lung tissue in close proximity to CNTs can be visualised
and later targeted with FIB-SEM.

FIB-SEM of CNTs in lung tissue

To avoid the massive ultramicrotomy artefacts especially around ‘hot-spot’ regions which
obscure actual cell-CNT interactions, the ion beam of the FIB-SEM can be used to mill
through the CNT rich sample.

[Nlustration 4.6 shows recorded FIB-SEM images of CNTs in a toxicologically relevant
tissue sample. Previously FIB-SEM images of CNTs in cultured cells have been presented
[157]. FIB-SEM images of unexposed mouse lung (control) can be found in the online
supplementary material. The images clearly show the outline of cells, their nuclei and
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distinctive organelles. The CNTswa sample (Illustration 4.6 a-b) showcases areas with
material outside the cell which looks similar to the agglomerates of CNTs observed in
[llustration 4.4 a, but unlike the TEM, SEM does not have the required resolution to
distinguish CNTs from other cellular material (also refer to the discussion below and
[lustration 4.8). Due to the resolution of the SEM it can therefore be difficult to determine
whether and how the CNTs and cells interact, but some of the agglomerates appear to be
in contact with the cell membrane. The limitations of the FIB-SEM are clearly seen in the
highlighted invagination, which could be CNTs in the process of being taken up by the cell
(Illustration 4.6b), but unfortunately the FIB-SEM cannot distinguish these structures from
cellular material making confirmation of the observation challenging.

The CNTra sample (Illustration 4.6 c-f) contains larger structures making them easier to
distinguish from the cellular material. CNTs were mostly observed in the intercellular
space, an observation confirmed by TEM imaging. However, the FIB-SEM demonstrates
that it can produce images of agglomerates of CNTi.e with no sectioning artefacts,
compared to the shredded ultrasection shown in Illustration 4.4 c-d, which makes it
possible to image CNTs apparently penetrating the cell membrane (Illustration 4.6 c-d).
The images are not completely artefact free (Fig. 5 c-e), as is evident from vertical white
lines (curtaining) and protruding CNTs from the milled surface (Illustration 4.6 f).
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Hllustration 4.6 FIB-SEM micrographs of both types of CNTs in the lung samples. A-B) The CNTs,. sample
imaged with standard milling including a platinum layer, where it can be difficult to discern CNTs from
cellular material. Black arrowheads mark the likely agglomerations of CNTs not observed in control
samples and correlated with CNTs protruding from the surface of the Epon block. One cell appears to have
a large invagination, possibly containing CNTs (small white arrowheads). C-D) CNT g samples obtained
via standard milling, but without protective platinum layer. Here the milling artefacts (vertical white lines)
caused by surface roughness is clearly seen (especially in c). However, the cells and CNTs are still visible,
and single CNTs can be found to interact closely with the tissue, but are only in very few cases observed to
appear entering the alveolar wall (white arrowheads in d). E-F) FIB-SEM of CNT Luy. using the double non-
tilted milling approach limiting surface roughness caused artefacts, with arrowheads highlighting the
protruding CNTs caused by differing milling yields. F) SEM image obtained from the viewpoint of the ion
beam, showcasing that CNTs protrude from the milled surface. A — alveole, E — erythrocyte, L — lamella
body, M — mitochondrion, N — nucleus, and P2 — pneumocyte (type II).
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Milling artefacts such as curtaining were most pronounced on CNT .. samples and were a
result of either the rough milling surface with the protruding CNTs, or the difference in
milling yields between the Epon and the CNTs. In areas with extensive protruding CNTs, a
smooth milling surface was sought obtained by slow deposition of a thick platinum layer
(about 1.5 pm) with the gaseous injection system and the ion beam. The platinum limited
the artefacts, but the CNTs underneath created small irregular pockets without platinum
thus giving rise to milling artefacts. To provide a smooth milling surface, we introduced a
non-tilted milling strategy where the ion beam was used to polish the back and front side
of a wedge by rotating the stage (Illustration 4.3). This resulted in an excellent milling
surface, albeit it increased the initial milling time significantly.

Both the thick platinum layer and the alternate milling strategy where the milling surface
was polished prior to slice and view imaging decreased the milling artefacts, but artefacts
originating from the block caused by differing milling yields remained (highlighted by
arrowheads in Illustration 4.6 e). The SEM images of the artefacts caused by insufficient
ion milling of the CNTs looks similar to the SEM images by Ke et al. showing CNTs
protruding from a surface [173]. To investigate whether it was in fact protruding CNTs,
the sample was rotated to image the milled surface (almost) from the point of view of the
ion beam (Illustration 4.6 f). This revealed that the newly ion milled surface had small

Hlustration 4.7 3D FIB-SEM image reconstruction of CNT ue sample obtained with the double non-tilted
milling method. A) Orthogonal xy, xz and yz-views of the stack. B) 3D view with semi-transparent rendering
of the stack. To illustrate the possibility of manually tracing CNTs in 3D, a few of the CNTs have been
manually coloured blue in Amira. The white arrows point to the same CNT in both views. A — alveole, E —
erythrocyte, and P1 — Type I pneumocyte.

FIB-SEM allows volume imaging as illustrated in Illustration 4.7 and the movie found in
the online supplementary material. The 3D stack has been obtained using the double non-
tilted milling method (Cf. Illustration 4.3 b). The stack of images is aligned and
reconstructed as described [66]. The stack consists of 55 slices which were each 50 nm
thick, while the x-y pixel size was 8.3 nm. This image stack demonstrates one of the
strengths of the FIB-SEM, as the 3D information is gathered relatively fast (here in 1
hour) and the volume is 2.5 um thick instead of the 100-300 nm typical for single slice
TEM tomography [157]. The TEM slices thereby often only show fragments of the 4 pm
long tube as the section is too thin to contain a long CNT in its entirety. In contrast we
have traced a few of the visible CNTs in the volume to illustrate the capabilities of the
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FIB-SEM to follow CNTs in 3D (Illustration 4.7). CNTs were discerned from other tubes
and cellular material by following the distinctive parallel lines through the volume. Single
pieces of the same CNTs can thereby be traced across multiple slices and thus follow the
entire length of the CNTs (CNT ., mean length 4um), instead of only being able to image
CNT fragments. Data were obtained from CNT .. samples in areas with a high
concentration of agglomerated CNTs, which would have been difficult using standard
TEM methods due to microtoming artefacts.

4.2.5 Discussion

CNTs in tissue can lead to several artefacts when investigated with standard TEM
techniques as demonstrated (Illustration 4.5 and 4.6). To limit the artefacts one could
optimise the hardness of the embedding medium and the cutting parameters, or even
experiment with using a vibrating knife or cryo-ultramicrotome to improve the section
quality. Alternatively, some choose to use thicker sections (e.g. 500 nm) at the expense of
lower resolution in order to leave a larger volume in which the CNT can remain
undisturbed [158]. However, microtomy artefacts are a general issue with particularly
large CNTs and many articles contain TEM images of CNTs in cells/tissue with varying
degrees of microtomy artefacts which is likely caused by the stiff CNTs [158]-[161],
[168]-[170], [174]. Although none of the observed artefacts appear as extreme as we have
shown, it is desirable to circumvent these artefacts and also to avoid any sampling bias due
to only being able to prepare reasonable images from regions with sparse CNTs for TEM.

We have shown that FIB-SEM can be used to study relatively large CNTs, without
physically displacing the CNTs, damaging a diamond knife or causing severe microtomy
artefacts. Naturally, FIB-SEM is not artefact free which can be seen in some of the
presented images (e.g. Illustration 4.6 c-f), where curtaining and protruding CNTs can be
observed on the milled surface. Ion beam milling artefacts were caused by either surface
roughness caused by the protruding CNTs after ultramicrotomy, or by the difference in
milling yields between the Epon and the CNTs. To limit the effects of differing milling
yields, one could explore the possibility of milling at lower temperatures, adding gasses
(etchants / water) or changing milling parameters (dwell times, approach, and geometry).

The images obtained with the FIB-SEM are quite similar to TEM imaging (with inverse
contrast), but the FIB-SEM has lower contrast and resolution. This means that in the FIB-
SEM images of CNTs in lung tissue, it can be difficult to discern the CNTs from biological
material such as stained extracellular matrix proteins, lipid layers, mucus, etc. (cf.
[lustration 4.6 and Illustration 4.8). To illustrate the difference between TEM and FIB-
SEM, Illustration 4.8 shows images of both CNT 4 and CNTgma with both methods. In
TEM both types of CNTs can be distinguished from what is considered to be cellular
material which has been either excreted from the cells (e.g. from lamella bodies), or is
caused by fixation artefacts as described in [165]. The resolution of the TEM even allows
for visualisation of CNTsua, which is wider and have a different structure than the cellular
material (Cf. Illustration 4.8 a), this is not possible in the corresponding FIB-SEM images
(IMustration 4.8 c¢). Using the lamella cut-out method, as demonstrated by Heymann et al.,
it would be possible to combine the FIB-SEM and TEM, to obtain high resolution images
without the use of a microtome [138]. However, the lamella cut-out method is rather time
consuming and hinders 3D volume imaging.
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Illustratzon 4.8 Comparison of the resolution obtainable wzth TEM and FIB- SEM lmages of CNTs in lung
tissue. A-B) TEM micrographs of the CNTsuu and CNTi... sample, respectively. The CNTs can be
distinguished from cellular material. C-D) FIB-SEM equivalents of the CNTsuu and CNTp.e sample,
respectively. The micrographs were obtained with the standard milling method including the platinum layer.
CNT e can be visualised as two parallel lines which depending on the imaging method have a weak signal
from the centre. But as we approach the resolution limitations of the FIB-SEM the small CNTs are simple
lines undistinguishable from cellular material. White arrowheads denote single CNTs, and black arrowheads
agglomerates of CNTS.

A drawback of the FIB-SEM is that it is an abrasive method, so there is no way of
retrieving an interesting field to obtain a higher resolution image. Likewise, there is little
opportunity to characterise interesting sites using methods such as electron dispersive x-
ray spectroscopy (EDS), although some groups have managed to perform FIB-SEM and
EDS simultaneously [175]. Furthermore, even though large areas can be milled
automatically [65] it is very time consuming and will generally result in an available field
of view some 10-100 times smaller than TEM sections. In this paper the largest milling
surface was 30 um wide whereas the ultrathin sections were approximately 1 mm wide.

In the current study, the interactions are few in number so even though we can find
relevant sites, a significant amount of milling time still has to be invested to catch CNTs in
the action. For the CNT\.,. sample alone, 10 different sites were investigated and only in
two cases, evidence of direct cell-CNT interaction was found and this was for a total slice-
and-view time of 20 hours (excluding the preparatory work). However, the method itself
of locating regions of interest with tissue in close relation to CNTs proved to have an 85%
hit rate when aimed at the regions with protruding CNTs from the sample surface. A
higher number of CNT-cell interactions might be observable for longer CNT exposures
than those studied in the present study with only 1 day after exposure, as the immune
system then would have more time to react. This paper illustrates that FIB-SEM can also
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be used to image ‘hot-spot’ CNT agglomerates where interaction also occurs.

In order to understand the toxicity of CNTs more information is required on the underlying
mechanism by which CNTs cross cellular membranes, but this can be difficult with the
limited sample volume of TEM imaging. Thicker sections coupled with 3D tomography
can aid in the visualisation [159], [164], [176]. But it has its drawbacks such as a non-
isotropic resolution, electron beam caused section shrinkage, and it would still be
cumbersome to get nice artefact-free sections containing larger CNTs. To determine
whether large CNTs cross cellular membranes or study larger agglomerations of particles,
the FIB-SEM has potential because it can be operated in a fairly automated manner.
Naturally, the technique is not limited to only investigating the toxicity of CNTs, but could
also be applied to many other relevant hard structures that are challenging to microtome

[14], [66].

CN TSmall

CN TLarge

Control

block

Excellent for locating area of
interest (85% success).

Excellent for locating area of
interest (85% success).

TEM of microtomed | Minor microtomy artefacts. Major microtomy artefacts: Minor microtomy artefacts.

sections CNTs resolvable. obscuring CNT-cell interaction Excellent ultrastructure detail.
CNTs resolvable. No CNTs.

SEM of microtomed | Small protruding CNTs. Large protruding CNTs. No CNT protrusions.

CNTspan.

including agglomerated CNTs.

FIB-SEM CNT agglomerates visible. CNT agglomerates visible. Acceptable ultrastructure detail.
CNT-cell interaction not CNT-cell interaction observable. | No CNTs.
resolvable.
Possibility of 3D slice and view. | Possibility of 3D slice and view. | Possibility of 3D slice and view.
Conclusion FIB-SEM not suitable for FIB-SEM suitable for CNTra,.: | Better resolution in TEM.

Faster 3D imaging in FIB-SEM.

TEM is the best option. Suitable for 3D imaging

Table 4 Overview of the results from the different methods on the different lung tissue samples from mice
exposed to CNTsua, CNTag and control mice instilled with vehicle.

4.2.6 Conclusion

The aim of this study was to provide an alternative to ultramicrotomy and TEM imaging
of CNTs in biological samples. Samples with CNT .. (70 nm wide) caused significant
artefacts, especially in ‘hot-spots’ with high CNT concentration, thus potentially leading to
sampling bias. Consequently, the feasibility of using FIB-SEM to study CNTs in lung
tissue was investigated, and the results compared to standard BF-TEM imaging, as
summarised in Table 1.

Using FIB-SEM it is very important to be able to localise regions of interest. Following
initial sectioning protruding CNTs from the block surface were used to locate regions with
CNTs in close proximity to the tissue. CNTue (70 nm wide) were visualised and could be
distinguished from the otherwise carbon rich environment (embedding material). The FIB-
SEMs limited imaging resolution and contrast meant that samples with CNTgpar (10 nm
wide) could not be distinguished from cellular material.

A 3D FIB-SEM image stack was obtained of the CNT ., sample, by first minimising
surface roughness from protruding CNTs. The slice and view stack managed to give a 3D
image of an agglomerate of CNT .. in the intercellular space with CNTs in some cases
slightly touching the cells, which would be troublesome using standard TEM protocols.

In conclusion, we have shown that FIB-SEM can serve as a complementary tool to TEM.
It is currently limited to larger CNTs (70 nm wide in our case), but it offers the
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opportunity to obtain 3D images, without the risk of physically moving CNTs during the
sample preparation, and allows the visualisation of the entire CNTs instead of just the
fraction present in a 300 nm thick section.
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4.3 CNT contrast

In Paper II, the parallel lines in the FIB-SEM image are interpreted as being CNTs, and at
first glance it indicates a tubular structure with a wide inner diameter and a comparably
large empty core (Illustration 4.9 a). The rather strong contrast from the CNTs was
somewhat surprising due to the in-principle limited Z-contrast difference between CNTs
and Epon. Additionally, high resolution TEM revealed, that CNT .. appears to have a
narrow empty inner core (Illustration 4.9 b).

Hllustration 4.9: A) FIB-SEM image of a CNTag. cluster where individual CNTs (arrowheads) indicate a
wide inner diameter of CNTs. B) TEM image showing the narrow inner core of the CNT ug. (arrowheads).

Seeing as the contrast did not match our expectations, and the CNTs appear different in the
TEM, we believe that the observed lines represent heavy metal stained pulmonary
surfactants (consisting of about 90 % lipids and 10 % proteins) adhered to the walls of the
CNTs. Lung surfactants have previously been observed to adhere to CNTs [177]. The
surface coating is believed to be an important factor in the toxicity and uptake of the
CNTs. Lowered toxicity has been reported as a consequence of serum proteins adherence
to CNTs, and enhanced in vitro uptake of CNTs in macrophages due to surfactant coatings

[177].
4.4 Summary

The FIB-SEM technique was developed, tested, and evaluated for studying CNT
exposures of lung tissue. FIB-SEM was found to serve as an excellent complimentary
technique to TEM, especially well-suited for 3D imaging of larger objects resolvable with
the SEM. Areas of interest were located by the protruding CNTs left after ultramicrotomy,
which also serves to highlight the issues standard EM techniques have for studying CNTs.
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Chapter 5

CNT distribution and interaction with
exposed mouse lung

Carbon nanotubes may serve as potential health hazard after pulmonary exposure and are
model nanomaterials for nanotoxicology. In consequence, several in vitro and in vivo
studies have been performed to respectively uncover the nanoscale interactions using
electron microscopy and the time and dose dependent impact on the immune response. We
find it essential to combine these two types of studies, and to investigate the ultrastructural
CNT-cell interaction in a time resolved manner in the presence of an active immune
system.

Seeing as CNT interaction with the lung will be emphasised in this chapter, a brief
introduction to the cell types in the lung will be provided. Section 5.2 contains my main
results in the form of Paper III. It covers the ultrastructural interaction and distribution of
CNTs within the lung 1, 3, and 28 days after exposure, and describes the differences
observed for two types of CNTs. Additionally, a crystal formation in alveolar macrophages
due to CNT exposure is characterised and further discussed in Section 5.3. Work
performed in this chapter was done in collaboration with NRCWE and Health Canada, and
is a continuation of the work of Chapter 4.

5.1 Cells of the respiratory system

The respiratory system contains a wide variety of cell types, of most interest to this work
are the cells in the respiratory bronchioles, the alveolar epithelium, and the white blood
cells (Illustration 5.1).

The respiratory bronchioles (final stages of the bronchi) are lined with Clara- and ciliated
cells, and occasionally brush cells. Clara cells secrete protein which serves to avoid the
walls of bronchioles from sticking together during exhalation. They are recognised by
their cuboid shape, granules, and placement. The ciliated cells are involved in the
clearance of inhaled particle, it is part of the mucociliary escalator and moves the mucous
coating the airway passages upward towards the pharynx where it can be swallowed. They
are easily recognised by the hair-like cilia structures extending from the cell and into the
airway [40].

Type I and Type II pneumocytes make up the alveolar epithelium, with a few occasional
brush cells. Type I cells make up most of the alveolar surface, they are elongated and thin,
except for where they make place for the nucleus. Type II cells contain recognisable
lamella bodies which produces lung surfactants that are excreted and help avoid alveoli
collapse. They are placed in between Type I cells and are more numerous (60% of the cell
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population), but are more compact and only cover about 5% of the alveolar surface.
Type II cells have small microvilli at the surface and often bulge into the air space. Brush
cells are recognised by the blunt microvilli at the apical surface, are very few in number,
and even though the complete function of this cell type remains to be found, it appears to
be involved in sensing bacterial products [178]. Additionally, as the alveoli are where the
gas exchange occurs, capillaries carrying red blood cells can also be found (Illustration
5.1).

Another type of cells which we expect to see in the lung micrographs are the leukocytes
also known as the white blood cells. The leukocytes are part of the immune system which
will react to nanoparticle exposure and seek to clear the particles. The main leukocytes
types encountered in the lung: neutrophils, lymphocytes, monocytes, eosinophils, and
basophils.

Neutrophils are the most common leukocyte in the blood (~60%). They are fairly short
lived (hours), but they are very mobile and are generally the first responders of the
immune system. They accumulate in the affected tissue, activate other immune cells,
excrete chemicals for destroying microorganisms, and can even phagocytote smaller
objects. The neutrophils have several types of granules, a highly lobed nucleus (typically 2
or 4 lobes), and a wide band of tightly packed DNA (heterochromatin) in the periphery of
the nucleus.

Lymphocytes are the second most common white blood cell (~30%), and can be smaller
or larger than neutrophils depending on the type. They are long lived (months) and are
involved in the recognition and destruction of infected cells. The small lymphocytes (B-
and T cells) cannot be visually distinguished, as both contain a large nucleus filling most
of the cytosol. The large granular lymphocytes (natural killer cells) are of the same origin,
and have a cytosol relatively devoid of organelles much like the smaller lymphocytes, but
also contain large electron-dense granules.

Monocytes travel via the bloodstream to affected areas and differentiate into phagocytes
usually resident in the tissue. Alveolar macrophages are derived from monocytes, and are
found both in the tissue near the air-blood barrier (septum), and in the air spaces clearing
inhaled particulates, bacteria and cell debris via phagocytosis. Alveolar macrophages are
typically rather large compared to neutrophils, have an irregular cell periphery and lobed
nucleus.

Eosinophils which are involved in allergic reactions, chronic inflammation and in
neutralising larger parasites have an overall appearance similar to neutrophils with a bi-
lobed nucleus. However, they also contain distinctive crystalline bodies in granules,
observable with TEM (Illustration 5.1).

Basophils, the least common of the white blood cell (<0.5%), have a lobed nucleus and
numerous large granules in the cytosol. Like eosinophils, basophils are involved in allergic
reactions and in neutralising parasitic infections, but also in easing blood flow to affected
tissue and delaying blood clotting.

The above mentioned cell types cover most of what was seen in this project. However,
there are further derivatives of cells (e.g. plasma and mast cells) and more tissue types
associated with the lung (e.g. muscle tissue used during inhalation). Additionally, there are
structures and cells which we had difficulty in characterising, some of which are shown in
Appendix D.
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Hlustration 5.1: A) Overview image showing both type I and Il pneumocytes in addition to some blood
capillaries. B) Epithelial cell and Type I cell lining the wall of a capillary. C) Macrophage found in the
alveoli spacing showing a lobed nucleus and ruffled surface containing CNTs. D) Eosinophil with
crystalline bodies found in a capillary. E) Neutrophil with lobed nucleus and electron dense granules. Also

notice the significant size difference between the alveolar macrophage and the eosinophil and neutrophil.

5.2 Paper lll

Time-dependent subcellular distribution and
effects of carbon nanotubes in lung tissue

The paper was made in collaboration with the NRCWE and Health Canada. NRCWE was
responsible for animal exposures, and the statistical analysis of BAL cell composition
data, whereas the gene expression was performed by Sarah Ses Poulsen in Health Canada
under supervision from Carole Yauk and Sabina Halappanavar. I would in particular like
to acknowledge Sarah Ses Poulsen, PhD student at NRWCE and Roskilde University, who
performed and analysed the gene expression data and authored the corresponding section
in the paper. The manuscript has passed internal review at Health Canada.

5.2.1 Abstract

There is limited information about how carbon nanotubes (CNTs) interact with lung tissue
and cause pulmonary toxicity over time. To address this, three different multiwalled CNTs
were intratracheally instilled into female C57BL/6 mice: one short (850 nm) and tangled,
and two longer (4 um and 5.7 um) and thicker. We investigated pulmonary deposition of
these CNTs by transmission electron microscopy (TEM), bronchoalveolar lavage cell
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(BAL) composition'® and global transcriptional profiles 1, 3 and 28 days after instillation.

TEM analysis revealed a high degree of similarity in tissue distribution over time for the
different CNT types. CNTs were taken up either by what appeared to be endocytosis into
vesicles or by piercing through the membrane. At later time points, the longer CNTs in
particular appeared to escape vesicular enclosures. BAL cell counts showed that
instillation of CNTs induced both neutrophil and eosinophil influx, while eosinophil influx
was greater in response to the longer CNTs. Eosinophil influx was linked to the expression
of chemokines.

The two longer CNTs induced eosinophilic crystalline pneumonia (ECP), which was
characterized by crystalline bodies within alveolar macrophages and increased tissue
expression of Chitinase 3-like protein 3 precursor gene (Chi3L3). ECP is an idiopathic
disease found in certain strains of laboratory mice, including C57BL/6, and is exacerbated
by pulmonary events such as allergic reactions and inflammation. The observed eosinophil
influx, Chi3L3L gene expression and ECP is therefore linked to the mouse strain used,
thereby calling for cautious interpretation and additional study of these effects using other
animal models.

5.2.2 Introduction

Carbon nanotubes (CNTs) have excellent mechanical and electrical properties and thus
have been of great interest to researchers since their discovery some 50 year ago [20].
Consequently, as more possible applications for CNTs are identified, there is an increasing
need to investigate their toxicity. Of particular concern are suggestions that the toxicity of
CNTs is comparable to that of asbestos [179]. In the present study we investigate the
toxicological properties of multi-walled CNTs (MWCNTs), selected due to their
increasing usage as additives in composite materials [21] combined with their known
ability to cause pulmonary inflammation, fibrosis and granulomas in rodents [37], [146],
[180]. Human workplace exposure to CNTs can occur through dermal and pulmonary
exposure routes, but the primary route of toxicological concern and most studied in
relation to the working environment is inhalation [44], [180].

Assessment of CNT-toxicity is complicated by the wide variety of physical and chemical
properties with which they can be manufactured. For instance, the physical dimensions of
CNTs have been reported to play an important role in their toxicity [39], [181], [182], and
the length/width ratios of some CNTs are consistent with the fibre pathogenicity paradigm
[179]. The number of defects in the lattice structure of CNTs also plays a role in their
toxicity [183], together with agglomeration level [184] and functionalization [185]-[187].
In addition to the direct interaction between CNTs and cells, their toxicity is further
complicated by the ability of CNTs to adsorb biomolecules and essentially transform into
different biological identities [177].

Several ultrastructural studies on uptake and clearance mechanisms of CNTs have been
published. Transmission electron microscopy (TEM) has, for example, revealed low CNT
concentrations in neutrophils and type II pneumocytes, whereas high CNT-concentrations
were readily visible in alveolar macrophages using light microscopy [162]. The current
literature, mostly covering in vitro investigations, indicates that CNTs can be taken up
either as agglomerates entering the endosomal pathway by endocytosis, or as single CNTs

10 Standard procedure performed in toxicology where the lungs of the animals are flushed and the fluid is
analysed.
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piercing the cell membrane in what appears to be a non-endocytotic diffusion driven
process [159], [161], [182], [186], [188]. In addition, it has been argued that after direct
non-endocytotic uptake CNTs can subsequently be engulfed in vesicles [186], [188], and
that CNTs already contained in vesicles can escape to the cytosol [159], [188]. Lastly,
CNTs are able to escape the cell via microvesicles [189] or membrane disruption [186].
These in vitro studies illustrate the complexity of the interactions, the need for high
resolution microscopy to understand CNT toxicity and the need for in vivo studies to test if
these conclusions hold in the presence of an active immune response.

The lung responds to CNTs by a rapid influx of neutrophils and macrophages [35], [146],
[190], and in certain cases also by eosinophil influx [190]-[193]. Within a few days to
weeks, exposure to even small doses of CNTs induces inflammation, granulomas and
fibrosis [35], [37], [179], to such a severe degree that the current recommendation is to
lower occupational exposure limits to the detection level [36].

We have observed a strong development of eosinophilic crystalline pneumonia (ECP), also
known as acidophilic macrophage pneumonia, in mice following exposure to CNTs, and
this has briefly been mentioned in a recent report [194]. ECP in mice is characterised by
eosinophilic crystals in alveolar macrophages [195]. Eosinophilic crystals are composed of
chitinase 3-like 3 (Chi3L3) proteins [196], [197] and increased levels of these proteins
have also been found in CNT exposed mice compared to controls [198]. Both eosinophil
influx and ECP development [195], [199] could indicate an allergy-like response, but the
relation to CNT exposure remains undetermined.

Here we study the time course of ultrastructural CNT distribution in vivo following
pulmonary exposure. In addition, we document the differences and similarities in
pulmonary toxicological response of mice exposed to different CNTs, and characterise the
observed eosinophil influx and ECP development indicative of an allergic-like response to
CNT exposure.

Three MWCNTs of different dimensions were delivered intratracheally to C57BL/6 mice,
and pulmonary response was investigated 1, 3 or 28 days after exposure. We compared the
effects of two physically different CNTs (CNTsman and CNTr.), and used a third type of
CNT (Mitsui-7), to evaluate the reproducibility of the two physically similar CNTs
(CNTvraree and Mitsui-7). We also examined CNT-induced ECP and the 3D structure of the
crystals using focused ion beam scanning electron microscopy (FIB-SEM). Lung samples
were imaged with transmission electron microscopy (TEM) and the results compared with
bronchoalveolar lavage (BAL) cell composition and relevant gene expression data [190].

5.2.3 Materials and methods

CNTs
Three types of multiwalled CNTs (MWCNT) were used (more details in Appendix C):
*  NRCWE-026 (CNTsman) has an average length of 850 nm and width of 10 nm. It
was used in a previous study [200].

* NM-401 (CNTpae ) is on average 4 um long and 70 nm wide. It was also used in a
previous study [200] and was a test material in the Nanogenotox project [201].

* The last MWCNT (denoted Mitsui-7) has an average length of 5.7 um and width
of 75 nm [190], [191], [194]. It was also used in the Nanogenotox project, under
the name NRCWE-006 [201].
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Mice

Female C57BL/6 mice, 5-7 weeks old, obtained from Taconic, were allowed water and
food (Altromin # 1324) ad libitum during the experiment. The animals were acclimatised
for two weeks and housed in experimental groups in polypropylene cages with sawdust.
The environment was controlled with a temperature of 21 + 1 °C, a humidity of 50 = 10 %
and a 12-h light/dark cycle. Experiments were approved and carried out following
guidelines by the Danish “Animal Experiments Inspectorate” (permit 2010/561-1779).

Exposure

Particle suspensions and intratracheal instillation were done as described previously [190],
[200]. Briefly, the Mitsui-7 CNTs were suspended in 0.9%wt NaCl and 10% v/v acellular
bronchoalveolar lavage (BAL) fluid. CNTgspar and CNT e Were suspended in 2% serum
in Nanopure water. Serum and BAL fluid were obtained from unexposed C57BL/6 mice.
The Mitsui-7 (4.05 mg/ml) and the CNTspman and CNTrae (3.24 mg/ml) suspensions were
sonicated on ice using a Branson Sonifier S-450D equipped with a disruptor horn (Model
number: 101-147-037). Mitsui-7 was sonicated for a total of 4 minutes at 10% amplitude,
with alternating 10 s pulses and pauses, while CNTsya and CNT ... Were sonicated for a
total of 16 min at 400 W and 10% amplitude. These suspensions were used for the high
dose (162 pg) and diluted 1:3 in vehicle for the medium (54 pg) dose and diluted further
1:3 for the low dose (18 pg). Between the dilutions the suspensions were mixed by
pipetting. Vehicle control solutions were prepared with 0.9% NaCl and 10% acellular BAL
fluid, and 2% serum in Nanopure water, respectively, and were sonicated as described
above. Mice were intratracheally instilled with 40 pl (Mitsui-7) and 50 pL (CNTsman and
CNTyrue) particle suspension, respectively. Animals were exposed to 18, 54 or
162 ng/mouse, and respectively correspond to the pulmonary deposition of CNTs during
4, 11 or 32 eight-hour working days at the current Danish occupational exposure level for

carbon black (3.5 mg/m?®) assuming 10% pulmonary deposition [35].

Lung tissue

One, 3, and 28 days after the intratracheal instillation, mice dedicated for electron
microscopy were anaesthetised by subcutaneous injection of Hypnorm—Dormicum and the
mice were bled by cutting the groin. The lungs were fixed in sifu by cannulating the
trachea and infusing 2 % glutaraldehyde in 0.05 M cacodylate buffer (pH 7.2) at a
constant fluid pressure of 30 cm before the thorax was opened. The lungs were excised
and immersed in 2 % glutaraldehyde 0.05 M cacodylate buffer (pH 7.2) and stored
refrigerated until further processing.

BAL cells composition

One, 3, and 28 days after intratracheal instillation, mice dedicated for the other endpoints
(BAL cell counts and microarray gene expression on lung tissue) were anaesthetised by
subcutaneous injection of Hypnorm—Dormicum. BAL fluid was collected directly after
cardiac puncture and centrifuged. The cellular pellet was collected on glass slides and
stained with standard May-Griinwald-Giemsa. The number of neutrophils, macrophages,
eosinophils, lymphocytes and epithelial cells were counted (n = 6). Lung tissue was snap
frozen in liquid nitrogen and stored at -80°C until RNA purification. Statistical analysis
was performed in SAS v. 9.2. A non-parametric one-way ANOVA test with a Tukey-type
mean comparison was used to determine statistical significance.

Gene expression
Total RNA (n = 6 per dose group) was extracted and isolated from the lung tissue of
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Mitsui-7 exposed mice (doses: 18, 54 and 162 ug on post-exposure day 1, and 54 pg on
post-exposure day 28), from the CNTsman and CNT L., exposed mice (doses: 18, 54 and
162 pg on post-exposure day 1, 3 and 28), and from concurrent controls as previously
described [190]. All samples passed quality control and were used in the microarray
hybridization measurement. The microarray hybridization was performed on Agilent 8 x
60K oligonucleotide microarrays (Agilent Technologies Inc., Mississauga, ON, Canada)
using 200 ng total RNA from each sample. Both the hybridization procedures and
statistical analyses have previously been described [190]. Global gene expression results
will be published elsewhere (Paper X) and only the expression of relevant genes will be
presented here.

Electron microscopy sample preparation

We investigated one CNT sample (164 pg) from each time point by electron microscopy.

Approximately 1 mm? samples of lung tissue were cut with a scalpel and embedded in

Epon [200]. Briefly, the samples were rinsed in buffer and postfixed in 2% osmium
tetroxide and 0.05 M potassium ferricyanide in 0.12 M sodium cacodylate bufter (7.2 pH)
for 2 hours. Samples were then rinsed in ultrapure water, en bloc stained with 1% uranyl
acetate in water overnight, dehydrated in ethanol and embedded in Epon following
standard protocols for the TAAB 812 resin kit, TAAB Laboratories Equipment.

Ultramicrotomy of the samples was performed on a Leica Ultracut with a diamond-knife-
angle of 6° and a cutting speed of 1.5 mm/s. Due to extensive microtomy artefacts caused
by the hard CNTs [200], we used thicker TEM sections (approximately 200-300 nm) on
selected CNTiue and Mitsui-7 samples. TEM sections were poststained with uranyl
acetate and lead citrate (Ultrastain-2, Leica Microsystems), and imaged on a
CM 100 BioTWIN (Philips) operated at 80 kV. For 3D imaging of ECP crystals, focused
ion beam scanning electron microscopy (FIB-SEM) imaging was performed using a FEI
QuantaFEG 3D with a dedicated vC backscattered electron detector operated at 3 kV and
spot 1. Milling was performed on the ultramicrotomy prepared blocks and the images
processed as previously described [200].
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5.2.4 Results

Interaction

Comment

| CNTs were observed
between cells at all time
points, going from being
¥|freely placed in the alveolar
ducts to being surrounded by
|cells on day 3 and 28.

CNTLarge

Between cells

CNTs in the apparent
process of penetrating the
cell membrane.

CNTsmall: Very rare
interaction. Observed on
day 1 and day 3.
CNTLarge: Not observed.
Possibly due to sectioning
artefacts and a low
incidence.

Piercing

Inclusions

Not observed

Cellular inclusions with
agglomerated CNTs. Mainly
observed on day 3.
CNTsmall: Included small and
large agglomerations.
CNTLarge: Rarely seen,
possibly due to sectioning
_|artefacts.

.||CNTs were observed freely in
«||the cytosol on day 1, 3 and
28.

: ‘ e W ol ¥ ok *_4/|CNTsmai: Interaction
3 S : BN AR % * |occurred rarely, but sightings
e [t . g increased on day 28.
5 - e - i B CNTLarge: CNTs were mainly
ey ) ; : : R, P found in vesicles at day 3,
: : i - |and mostly in the cytosol on
45 7 . = | day 28.
7 5

CNTs observed inside
vesicles at day 3 and 28.
CNTsmali: Increased number
of vesicles filled with CNTs at
day 28 compared to on

day 3.

CNTvLarge: Distribution went
from being mostly in vesicles
'|on day 3 to cells having
|fewer vesicles.

In cytosol

In vesicles

_|Vesicles and single CNTs
seen in the same cell, with
CNTs deforming the vesicles.
CNTsmali: Few CNTs located
“_|freely in cytosol on day 28.

| CNTLarge: CNTs appearing
outside of vesicles on day 3
and 28, and larger degree of
vesicular deformation seen.

Vesicular
escape

Hlustration 5.2 Overview of the observed CNT-cell interactions. Each interaction has a descriptive sketch,
an example image of how the interaction was expressed in CNT sy and CNT.q. exposed samples, and a
description of the differences and progression of the interaction. White arrowheads point to CNTs in TEM
images.
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Electron microscopy

The interactions of three types of CNTs with lung tissue were studied by TEM. We
compared CNT-tissue interactions of CNTsman (850 nm long and 10 nm wide) and CNT are
(4 um long and 70 nm wide) for structurally induced differences. Furthermore, the
reproducibility of the interactions was evaluated by comparing CNT ... and Mitsui-7
(5.7 um long and 75 nm wide). TEM imaging showed that the two similar tubes showed
similar CNT-cell behaviour, and thus in this work we only show images of CNT gy and
CNTLae- An overview image of all of the different observed types of interactions is shown
in [llustration 5.2.

Day 1

There was minimal CNT-cell interaction on post exposure day 1 (Illustration 5.3 a-b). The
CNTs were primarily aggregated outside cells in the alveolar lumen (Illustration 5.2
‘between cells’). Individual CNTs were in close proximity to cells, and in certain cases
were possibly in the process of entering the cell via physical indentation and subsequent
piercing of the cellular membrane (Illustration 5.2 ‘piercing’). However, these
observations were rare, and for CNT . and Mitsui-7 it was difficult to ascertain if cells
were pierced due to ultramicrotomy artefacts caused by the large CNTs. We did not
observe any clear signs of vesicular uptake at this time point, and only few immune cells
were seen. The limited immune response on day 1 is also reflected in the BAL cell counts
showing low numbers of total BAL cells (Appendix E).

Day 3

Three days after the exposure we observed increasing cell-CNT interaction and more of
what appeared to be inflammatory cells (Illustration 5.3 c-d), which correlated with the
larger BAL cell counts at this time point. Large and small open cytoplasmic inclusions
were observed containing agglomerated CNTs, apparently in the process of being taken up
by the cells (Illustration 5.2 ‘inclusions’). Again, CNTsn. were observed directly entering
the cytosol, whereas this could not be verified for CNT . (Illustration 5.2 ‘piercing’).
Three days post exposure CNTs. were primarily enclosed in vesicles (Illustration 5.2 ‘in
vesicles’), and few CNTs were observed free in the cytosol. CNT .. uptake resulted in
CNTs being enclosed in vesicles (Illustration 5.2 ‘in vesicles’), in addition to single CNTs
found freely in the cytosol (Figure 1 ‘in cytosol’). In certain cases CNTr. caused clear
deformation of the vesicles, which was not observed to the same extent for CNT g, and
appeared to be involved in the process of vesicular escape (Illustration 5.2 ‘vesicular
escape’).

Day 28

There were fewer CNTs present 28 days post exposure relative to on day 3, and they were
almost exclusively found inside cells and not in the alveolar lumen. CNTs were located
within single alveolar macrophages and in larger inflammatory sites with multinucleate
giant cells [202]. CNTsman were found in both small and large vesicles with large amounts
of CNTs inside some individual cells (Illustration 5.3 e). In certain cases, CNTs were
found between these vesicles and were perturbing vesicle membranes (Illustration 5.2
‘vesicular escape’). CNTrae progressed from being primarily small CNT agglomerates
within cellular vesicles on day 3, to being present in more deformed vesicles or
sporadically distributed in the cytosol on day 28 (Illustration 5.3 f). Generally for CNT e
there were fewer obvious CNT-containing vesicular structures compared to day 3.
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Hllustration 5.3: Representative images of the samples 1 day (A-B), 3 days (A-D), and 28 days (E-F) post
exposure for CNTsua (A,C,E) and CNT e (B,D,F). A-B) Show respectively CNTsuau and CNT g on day 1,
where CNTs are mainly found in the alveolar lumen or in the interface between cells. C-D) On day 3 CNTs
are increasingly found in vesicles inside what appears to be alveolar macrophages, but some CNT5s still
remain outside cells. E) On day 28 CNTs,a are found inside vesicles and in the cytosol of cells in large cell
agglomerations, but were also found inside vesicles in singular cells. F) On day 28 there were fewer vesicles
containing CNT . and the CNTs were more individually spaced in the cytosol. In addition, immune cells
were found in large agglomerations indicating inflammation at this stage. Arrowheads indicate single or
agglomerations of CNT5.

A
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All days

CNTs were found in alveolar macrophages, identified by their ultrastructure and location
in the alveoli. We did not observe any CNTs in what appeared to be type II pneumocytes,
but we did see a few CNTsuna that appeared to be inside what looked like type I
pneumocytes. Likewise, no CNTs were found inside well-defined neutrophils or
eosinophils. Cells were recognised and classified according to their morphological traits
[40]. However, in some instances, especially in lung tissue on day 28, it was difficult to
determine the cell types containing the CNTs as they were strongly perturbed by the CNTs
(Illustration 5.3 e), and cells were found in agglomerates. CNTs were never observed
inside the nucleus (except for what appeared to be caused by ultramicrotomy artefacts)
although CNTs on occasion caused nucleus indentation, as previously described for cells
grown on nanowires [49], [66].

Eosinophilic crystalline pneumonia

TEM images revealed crystalline bodies in alveolar macrophages (Illustration 5.4 a-c) and
multinucleated-cells in the CNTy,, and Mitsui-7 exposed mice. These were similar to
those found in mice with eosinophilic crystalline pneumonia (ECP) [195], [203]-[205].
Crystal bodies were observed in lung tissues from Mitsui-7 exposed mice for the highest
dose on day 3, and both the medium and high doses on day 28. For CNT .. treated mice,
crystalline bodies were observed on day 28 for the medium and high doses.

In some cases, the crystals appeared as needle-like structures similar in size to CNT e
and Mitsui-7, but occasionally massive crystalline bodies up to 40 pm long and 5 um wide
were observed (Illustration 5.4 a). The crystalline structures were found in two variants:
sharply defined inside vesicles, and more diffusely defined inside vesicles. ECP crystals
were also observed outside cells, as previously documented [199], [203], [204]. Some of
the observed crystalline structures had periodic lattice structures in the longitudinal
direction (about 5 nm), a feature previously described [205], the structures were clearly
not CNTs as they did not cause microtomy artefacts similar as CNTs do.

In order to elucidate the three dimensional structure of the crystals, we examined a sample
containing crystals with slice-and-view 3D FIB-SEM (Illustration 5.4 d-f). In single slices
the crystals were very similar to those observed in TEM with an inverted contrast
(Illustration 5.4 e), but assembled crystals appeared as orthorhombic plates that often were
stacked and piled up (Illustration 5.4 f).

ECP is considered to be a background lesion in certain mice strains, and the crystal
formation is linked to accumulation of Chi3L3 protein [196], [197].
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Hllustration 5.4: TEM (A-C) and SEM (D-F) images of crystalline bodies observed on day 28 in CNT 4.
samples. A) Low magnification TEM image showing large crystals, some up to 40 um long. B) Image
showing scattered crystalline bodies and CNTs in clusters. C) Ordered crystalline bodies in the cytosol. D)
SEM image of the ultramicrotomed block revealing the underlying cells prior to milling. The image also
shows a few protruding CNTs (white arrowhead). E) FIB-SEM image of crystals in a cell. F) 3D
representation of the FIB-SEM stack where a few of the crystals have been traced (yellow), revealing their
plate-like structure. Black arrowheads indicate ECP crystals while white arrowheads indicate the CNTs.

Gene expression

Detailed description of the global gene expression analysis of lung tissues following
pulmonary exposure to Mitsui-7 was done previously [190], while CNTsmai and CNT e
will be described elsewhere (Paper X). In brief, pulmonary exposure to Mitsui-7 resulted
in strong, dose-dependent differential expression of genes involved in inflammatory and
acute-phase responses on post-exposure day 1 in whole lung [190]. A similar response was
observed following exposure t0 CNTsmar and CNTiae, peaking on post-exposure day 3
and sustained until post-exposure day 28 for both nanotube types (Paper X). Gene
expression analysis revealed differential expression of chitinase 3-like 3 (Chi3L3) in some
of the samples (Table 1). Because eosinophilic crystals consist of Chi3L3, Chi3L3
expression is an important indicator of ECP [196], [197], [199]. Chi3L3 protein, also
known as Ym1 and ECF-L, is accumulated in alveolar macrophages and is associated with
inflammatory diseases and parasite infestations [196], [197].

No differential expression of Chi3L3 was observed following CNTsuai €xposure, whereas
both Mitsui-7 and CNT . appeared to induce significant increases in Chi3L3 expression
(Table 1). Increased Chi3L3 expression on post-exposure day 1 and 3 following CNT e
exposure occurred for the two lower doses, while a significant increase was only present
for the highest dose on day 28 (Table 1). Increased expression of Chi3L3 coincided with
ECP crystals on day 28. Similar observations were made following Mitsui-7 exposure
(Table 1).

In addition to the increased expression of Chi3L3, the expression profile of several
chemokines and cytokines specific to eosinophil activity were found altered following
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exposure to all types of CNTs. Eosinophil migration and influx into the lung lumen is
highly dependent on CCR3, a chemokine receptor that is abundant on eosinophils [206].
The chemokines CCL11 (eotaxin 1) and CCL24 (eotaxin 2) are produced by epithelial
cells, smooth muscle cells and macrophages, and they have a high affinity for CCR3
[206]—-[209]. The expression of these chemokines varied greatly following exposure to
Mitsui-7, CNTsman and CNTrae (Appendix E). CCLII and CCL24 were differentially
expressed only at the high dose on day 3 following exposure to CNTsma, Whereas both
chemokines were expressed continuously at all doses on day 1 and 3 following exposure
to CNTraee and Mitsui-7. This could, in part, explain why a higher eosinophil influx was
observed following CNTy,. and Mitsui-7 exposure, compared to CNTspan.

Day 1 Day 3 Day 28

Dose Chi3L3 Eos Chi3L3 Eos Chi3L3 Eos ECP

: 0 ; 1 - 24 ; 0.6 0/6

L 18 2.0 17 1.4 69 1.0 0.5 2/6

= 54 1.0 1.4 0.5 72 0.9 02 1/6
© 162 1.0 3.4 0.7 7.1 1.7 0.0 306
] 0 ; 1 ; 53 _ 20 1/6

H 18 2.8 51 5.8 317 1.8 34 6/6

= 54 3.1 86 43 138 25 32 5/6
© 162 1.1 1.7 1.1 1.8 92 46 4/6
- 0 ; 0.3 - 0.4 ; 03 1/6
=5 18 2.9 39 - 341 - 5.5 6/6
-*23 54 1.8 23 - 268 3.9 22 6/6
162 2.0 22 - 101 ; 46 6/6

Table 5 Overview of Chi3L3 mRNA levels, BAL eosinophil counts (x10) and presence of eosinophilic
crystals in BAL cell fluid.

Chi3L3 expression is given as the relative fold-increase in Chi3L3 mRNA levels relative to concurrent
controls, where values below 1 indicate a decreased mRNA level. Eos denotes the number of eosinophils.
Red numbers are statistically significantly different from controls (p<0.05). ECP indicates how many of the
samples (n=6) contained eosinophilic crystals. Dashes (=) indicate missing data point.

BAL cell composition

BAL fluid was collected from CNTspai, CNTLae and Mitsui-7 exposed mice at all times
and exposures (Appendix E). In general the data showed a similar BAL cell response for
the three different CNT types with a few exceptions as described previously [190] and
(Paper X). The BAL cell influx was similar for all of the CNTs, and was dominated by a
high neutrophil influx that peaked on day 3 compared to vehicle-exposed controls.

Eosinophil counts were high for all the CNT types on day 1 and 3 with relatively larger
effect observed for CNTru, and Mitsui-7 compared to CNTspan (Table 1). On day 28, the
eosinophilic response was elevated for both CNT .. and Mitsui-7, but only the results of
the two highest doses of Mitsui-7 were statistically significant.

Light microscopy investigation of extracellular crystals related to ECP in BAL cells [199],
[204], revealed an increased crystal incidence in the CNT .. and Mitsui-7 exposed
samples on day 28, which was not observed to the same degree in CNTgsua exposed
samples or the control samples (Table 1). In addition, the crystals found in CNT gy and
control samples were fewer in number and smaller compared to the crystals found in
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CNTrae and Mitsui-7 exposed samples. Generally, the crystals varied vastly in size and
were mostly stained blue or had a blue periphery (Illustration 5.5).

BAL cells recovered from mice 28 days after intratracheal instillation with similar doses
of carbon black [167], and two single walled carbon nanotubes (SWCNT) [210], were also
investigated for the presence of crystals. 10% (2/17) of carbon black (Printex 90) samples
contained crystals, whereas the two SWCNTs had a 50% crystal incidence in the 18
samples investigated per SWCNT (Appendix E).
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Hlustration 5.5: Example image of stained eosinophilic crystals in a BAL cell sample for the highest dose
(162 ug) of CNTruge on day 28. Large amounts of crystals were also observed for the two lower doses (18 ug
and 54 ug), and similarly for Mitsui-7 samples on day 28. Black arrowheads point to crystals, whereas
white arrowheads indicate CNTs or cells containing CNTS5.

5.2.5 Discussion

Electron microscopy of CNT interactions

Cellular interactions of the three different CNTs were quite similar, with uptake following
a general CNT distribution progression as illustrated in Illustration 5.6. Only small
differences in cellular distribution were observed between the CNTs. The initial cell
response on day 1 was dominated by CNTs situated in the alveoli, with only a few in the
apparent process of piercing cellular membranes. Three days post exposure CNTs were
free in the cytosol and in intracellular vesicles, with a majority of CNTs agglomerated in
vesicles. On day 28, more individually dispersed intracellular CNTs were observed,
together with stressed vesicles with CNTs deforming and penetrating the enclosing
membrane, which was particularly evident for CNT . and Mitsui-7. This time-dependent
development agrees with the working model based on in vifro experiments [188], although
we only observed CNTs in the nucleus when ultramicrotomy artefacts were suspected.

The TEM studies revealed two different pathways by which CNTs may enter cells. First,
agglomerates of CNTs present in cellular inclusions indicates an endocytic and actively
driven uptake mechanism, although we could not discern which endocytic pathway [119].
Second, single CNTs traversing the cellular membrane were indicative of physical
piercing of the cell membrane, as observed in vitro [159], [161], [182]. The ratio between
CNTs taken up via physical piercing and via endocytosis was not quantified, but physical
piercing was observed at day 1 whereas endocytic uptake was not. On day 3 CNTs were
predominately found inside vesicles, suggesting earlier endocytic uptake. It is unclear
whether the CNTs are taken up by piercing and subsequently enter vesicles as some
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propose [186], [188], or whether direct non-endocytic uptake occurs more quickly and
thus dominates on day 1 [186]. Nevertheless, the overall observed non-phagocytic uptake
is small compared to the extensive phagocytic uptake seen on post exposure day 3 for all
CNTs.

Overview

Detail

— |
v

Hlustration 5.6: Observed timeline for CNT uptake and development in vivo. It is currently not clear whether
the individual CNTs on day 1 agglomerate into vesicles post-entry on day 3 or if agglomerations of CNTs
are taken up via endocytosis. On day 3 and 28 vesicular escape or a continued uptake of individual CNT
uptake is observed.

The observed decrease in vesicles containing CNTs, the stressed vesicles on day 28, and
also the higher level of cytosolic CNTs, particularly for CNT ... and Mitsui-7 exposed
samples, indicates that CNTs can escape vesicles in vivo as described previously for in
vitro samples [159], [188]. This mechanism could be size related, as CNT escape was less
significant for CNTsmai exposed samples. In the literature on rodent exposures to CNTs,
CNTs similarly sized to CNTy.,. have been observed freely in the cytosol of cells weeks to
months after exposure [163], [168], whereas smaller and tangled CNTs have been found
predominantly within vesicles weeks [211] to months [168], [212] after exposure. Based
on our observations and the reviewed literature, we speculate that comparably long and
thick CNTs (30-70 nm wide, and 0.5-5um long) more easily escape the endosomal system,
which may have implications for their toxicity. Thus, although the CNTs in the size range
studied here did not incur frustrated phagocytosis, they might disrupt the endosomes and
phagosomes and thereby cause single cell damage and be more difficult to clear. This may
also explain why we see a more pronounced long-term toxicological effect for CNT e
compared to CNTsman both in terms of gene expression and BAL cell counts (Paper X).

Eosinophilic crystalline pneumonia

Several mice in this study developed eosinophilic crystalline pneumonia (ECP), as evident
from light and electron microscopy investigations. However, at first glance, the crystals
appeared to be needle-like in the TEM sections (Illustration 5.4 a-c), whereas they in the
light microscopy of BAL cell samples, were more cuboid or hexagonal (Illustration 5.5).
3D FIB-SEM imaging revealed that the needle-like structures in the TEM sections were
caused by the sectioning, and that the crystals were in fact more plate-like and appeared to
be more similar to those observed in the BAL cell samples.

Since ECP is especially prevalent in the C57BL/6 mouse strain [195], the natural
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occurrence of ECP must be considered. The incidence of ECP in aged female C57BL mice
(10-30 months old) is approximately 16% [213], and generally younger mice are said to
showcase ECP granulation less often than aged mice [197]. Therefore, the observed 10%
incidence (2 out of 18) of ECP in the vehicle exposed mice on day 28 suggests a
reasonable ECP background level in our studies (Table 1). Based on the background level,
an 80% crystal incidence in both the CNT . and Mitsui-7 samples indicates a substantial
increase (Appendix E). Furthermore, even though the crystals observed in CNTsp.i and the
two SWCNTs were less pronounced in positive sample, the 30-50% ECP incidence still
suggests heightened ECP development. In contrast, carbon black nanoparticle exposure
showed crystal incidence on par with background. This suggests that the enhanced
development of ECP crystals may be related to the specific dimensions of carbon-based
particles.

To further support the notion that the crystals observed are related to ECP, gene expression
of Chi3L3 was investigated as the eosinophilic crystals consists of Chi3L3 proteins [199].
Samples showing a statistically significant increase in Chi3L3 on days 1, 3 or 28 had an
increased incidence of crystals (Table 1). An increase in Chi3L3 protein levels has
previously been observed for SWCNT and asbestos exposed mice [198], but the presence
of ECP was not mentioned.

The reason why high Chi3L3 gene levels at the early time points were not accompanied by
ECP (Table 1) might be because the crystals need to mature and grow over time before
they are visible with light microscopy, similar delayed reactions have been observed in
other cases [214].

Eosinophilic response

The larger observed eosinophilic response to CNTr.. and Mitsui-7 suggests that these
CNTs cause a stronger allergy-like effect than CNTsma [191], [215]. Eosinophilic
inflammation is not a typical response following a single pulmonary exposure to particles
[167], [216], [217], and since ECP [199] and the Chi3L3 gene [197], [198] is linked to
inflammatory diseases and allergic asthma, it is unclear whether the eosinophil influx was
an actual direct response to the CNTs or was a response to ECP development.
Additionally, we observed no notable BAL cell count or histological differences in the
vehicle control samples, where we used 2% serum for CNTgpa and CNTrae and 10%
acellular BAL for Mitsui-7 samples. Hence, in the present study, vehicle does not appear
to be a confounding variable, suggesting that the eosinophil reaction occurs as a result of
direct cellular CNT interactions, a combination of CNT and protein interactions, or the
ECP sensitised mouse strain affected by CNTs.

The very large eosinophilic response on day 3 for the two long CNTs (Table 1) correlates
with the observed crystals in the BAL cell fluids on day 28. However, the observed
increase in eosinophil influx does not appear to correlate directly with Chi3L3 levels or
crystal occurrence as this was not detectable in the case of CNTs.i exposed samples.

The eosinophilic response in the present study had an almost reversed dose response
relationship. There are several possible reasons for this. Gene expression analysis showed
that although the chemokines CCL11 and CCL24 were differentially expressed following
CNTraee and Mitsui-7 exposure, no statistically significant increase was observed for
CCL24 at the high dose on post-exposure day 1 for either CNT (Appendix E). On day 3
the expression of CCL24 at the 162 pg dose was much lower than for 18 and 54 pg. In
contrast to CLL11, CCL24 has been linked specifically to eosinophil influx into BAL
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[209]. The low eosinophil influx at the high doses could therefore be due to low or lack of
expression of CCL24. We also speculate that the generally high levels of neutrophils and a
high expression of non-eosinophil chemotactic cytokines at the 162 pug dose might quench
a possible eosinophil influx. Lastly, the reverse dose-response observed could be an
experimental artefact if the time dependency of the eosinophilic response is different for
the high and low doses.

Eosinophilic response in ECP sensitive mice

It has been reported that eosinophils are able to biodegrade CNTs [218], although they are
generally known to be involved in extracellular degradation responsible for parasite
elimination, which can be larger than the cell [218]. We speculate that the increased
eosinophilic response, prevalent primarily in Mitsui-7 and CNT ., might be due to long
and thick CNTs being more difficult to internalise and degrade by alveolar macrophages.
This correlates with the high extracellular CNT content on days 1 and 3 where the
eosinophil influx was observed and the subsequent drop in eosinophil number on day 28
when most tubes have been internalised.

However, although an MWCNT induced eosinophilic response has been observed in
literature, this has often been in studies using C57BL/6 or other ECP sensitive strains
[184], [190]-[192], [219]. In contrast, studies noting an eosinophil influx using non-ECP
sensitised strains as a response to CNT exposure are relatively few; e.g., experiments
conducted on rats [193] or experiments involving other allergens [215], [220].

The literature available to demonstrate how CNTs cause an eosinophil influx in non-ECP
sensitised rodents is limited [193]. Therefore, based on this, we speculate that MWCNT in
general do not induce an eosinophilic response, but rather that our observed results might
be linked to the use of an ECP sensitive mouse strain.

5.2.6 Conclusion

Our ultrastructural investigations revealed that all of the CNTs examined in this study
appear to follow the same overall progression: CNTs are taken up either by a diffusion
mechanism or via endocytosis, CNTs are agglomerated in vesicles, and lastly the CNTs
appear to escape the vesicle bounds. Our in vivo studies thereby support in vitro studies
[188] showing a similar overall sequence of events for CNT-cell for uptake of MWCNTs.

TEM imaging further suggests that CNT ... and Mitsui-7 are better able to perturb and
escape vesicular enclosures in immune cells than CNTsmai. We speculate that comparably
large and stiff CNTs (30-70 nm wide and 0.5-5 um long) can more easily escape the
endosomal system than smaller more tangled CNTs.

The main observed difference between the CNTs is an allergy-like response related to ECP
development, Chi3L3 gene expression and BAL eosinophil influx, which is less
pronounced for CNTsma than CNTi.ee and Mitsui-7. We conclude that CNTpu and
Mitsui-7 cause a substantial increase in ECP occurrence, whereas CNTsmn and the
additional SWCNT that were investigated exhibit a much less pronounced effect on ECP
development, and the carbon black particles cause no increased incidence of ECP above
background levels as observed with light microscopy.

However, we caution that development of ECP is linked to the mouse strain used, in this
case C57BL/6, which might render these mice more prone to react allergically to CNT
exposure. This was supported by the observed CNT-induced eosinophil influx, which has
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not been thoroughly documented in other non-ECP sensitive mice strains. We therefore
suggest that alternate mice strains that are not prone to develop ECP are used to study
allergic reactions to CNT exposure.
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5.3 Additional notes on ECP crystals and Chi3L3

The exact origin of the ECP crystals is unclear, it was originally suggested that the crystals
were formed as a consequence of macrophages phagocytosing eosinophils [205].
However, the low number of eosinophils compared to other immune cells during
inflammation (neutrophils, macrophages etc.) leading up to the development of ECP has
raised doubt to this hypothesis. Instead, Chi3L3 is a chemoattractant of eosinophils [196],
indicating that the main Chi3L3 protein concentration may not be due to eosinophils.
Harbord et al., have found evidence that Chi3L3 is synthesised in neutrophils [221], and is
also produced in some macrophages [196]. However, neutrophils are generally short lived
to avoid unwanted tissue damage and perform apoptosis'' (life time of 6-12 h). Neutrophil
debris is phagocytosed and rapidly digested by macrophages where Chi3L3 protein
accumulate, as macrophages can live for months. Purified Chi3L3 is known to crystalise
in vitro [222], and the same is believed to occur in macrophages that have digested
neutrophils over a longer period and thereby accumulating Chi3L3 intracellularly [221].
This could explain why our results mainly found crystalline bodies in macrophages at later
time points (Paper III day 28).

The crystals were readily visible in the BAL cell slides, but were not noticed when cells
were counted and probably disregarded as being staining artefacts or dirt. Now, the
laboratory staff has been alerted to the presence of eosinophilic crystals, such that future
BAL cell counts can be marked as ECP positive or not.

11 Programmed cell death
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Illustration 5.7: A) LM of crystals on BAL slide. Crystals were found in many variations and sizes. B) SE
image of crystal on BAL slide showing the flat nature of the crystal. The white arrowhead points to a
dehydrated cell which has collapsed as it was not stabilised prior to dehydration. C) TEM image of the
periodic ~5 nm structure observed in some of the ECP crystals.

5.4 Summary

Ultrastructural interactions of two types of CNTs with lung tissue were studied at three
time points. The interaction of the CNTs compared well to interactions observed for
in vitro experiments performed in literature. The biological responses were very similar
for the two CNTs types. However, the longer CNT type appeared be better able to disrupt
macrophage vesicles, and resulted in a slightly larger pulmonary reaction which included
the development of eosinophilic crystalline pneumonia (ECP). The development of ECP
due to CNT exposure was not previously linked in literature. The development of ECP
was coupled to Chi3L3 gene expression and overall results indicated an allergic-like
toxicity response. However, literature suggest that ECP in itself is connected to an allergic
response and is linked to specific laboratory mice strains, thereby raising doubt about a
general allergic reaction stemming from the CNT exposure.
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Chapter 6

Conclusion & outlook

Overall the project was focused on developing and exploring EM techniques for imaging
nanostructures in cells, and then to test and evaluate the methods on both in vitro and
in vivo samples, as outlined by the goals stated in Chapter 1:

Goal I: Develop and explore EM techniques

Electron microscopy techniques have been explored and developed for studying
engineered nanoparticles in biological cells and tissue (Paper I and II).

FIB-SEM was found suitable for providing high resolution 3D images of hard-to-
microtome samples such as nanostructured substrates or CNT exposed mice lungs. In
order to allow for FIB-SEM imaging of the samples, we have developed methods for
obtaining smooth milling surfaces by ultramicrotomy and FIB polishing for subsequent
FIB-SEM imaging (Paper II). We have also developed a work flow for reconstructing non-
tilted milled volumes (Paper I). Areas of interest were found either via light microscopy on
polished embedded samples (Paper VI), or via protruding CNTs from ultramicrotomed
samples (Paper II).

The FIB-SEM was able to resolve very detailed and complex internal interactions with
nanostructures (Paper I). The limitations of FIB-SEM in terms of resolution and contrast
have also been highlighted, as current equipment limits to only large CNTs (~ 70 nm
wide) due to their low inherent contrast and high resolution requirements (Paper II). In
return it was the largest CNT structures that were most difficult to process for TEM,
making FIB-SEM a usable tool. The usefulness of FIB-SEM was demonstrated in
Paper III where it was used to resolve the 3D structure of the ECP crystals in lung tissue.

Goal lI: Map and document cellular interactions with nanostructures

Cellular interactions with nanostructures were found to be very complex and showcase a
large phenotypic variability. In the case of cells adhered to nanostructured substrates,
seven different kinds of interactions were observed and documented, some of which had
been previously described, whereas others, such as cells being able to break and
internalise substrate bound nanostructures, had not been documented previously (Paper I).
FIB-SEM showcased how nanowires pertubed the nuclear envelope, and helped establish
that nanowires can be enveloped by a thin outer membrane deep within the cell
(Paper VI).

Regarding the interactions observed in vivo for CNTs in lung tissue, we similarly sought to
categorise the interactions and speculated that comparably large and stiff CNTs (about
70 nm wide and 5 um long) could more easily escape the endosomal system than smaller
more tangled CNTs.

The many types of interactions both in vivo and in vitro were not observed in all instances,
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and illustrate the need to correlate results with biological tests bringing better statistics,
such that the very time consuming EM investigations can be limited.

Goal lll: Time dependent distribution of CNTs in vivo

The time resolved studies of CNT uptake in vivo, supports in vitro observations from
literature, and showed an overall progression for all CNT types: CNTs are taken up either
by a diffusion mechanism or via endocytosis, CNTs are agglomerated in vesicles, and
lastly the CNTs appear to escape the vesicle bounds. The effects of an active immune
system were evident with the development of crystalline structures in alveolar
macrophages. By correlating the TEM findings with FIB-SEM, light microscopy, and gene
expression data, it was established that the crystalline structures were connected to
eosinophilic crystalline pneumonia (ECP). ECP was triggered by CNT exposure, and
possibly linked to a greater allergic-like reaction to larger CNTs. However, development
of ECP is limited to certain mice strains, and therefore the need to use alternate mice
strains was proposed, especially if the allergic reaction of CNTs is to be investigated.

6.1 Outlook

The developed methods, proof-of-concepts and scientific results have provided tools and
expanded our knowledge regarding nanostructure-cell interactions. But it has also
highlighted how little we actually know and the large number of cellular phenotypic
variations.

Currently, we can therefore not predict nanostructure-cell interactions in relation to
designing devices or evaluating their toxicity. This is due to the huge variability in both
cell types and nanostructure materials, together with the fundamental lack of knowledge
regarding the underlying biological processes. Our current understanding of endocytosis
was obtained by combining electron microscopy with tools for marking and blocking
specific pathways [119]. Similarly, we need to study the biological processes behind cell-
nanostructure interactions. This could elucidate how nanowires are taken up by fibroblast
(Paper I), how cells react to nuclear indentations (Paper VI), or whether CNTs are able to
escape lysosomes (Paper I1I).

In order to improve intracellular signals and delivery efficiencies of nanostructures,
blocking specific biological pathways, gene expression and labelling can be used to
understand the underlying processes. Verification of intracellular access should include
both light and electron microscopy. Low through-put FIB-SEM imaging could be
correlated with the fluorescent quenching method for quantifying cellular access [109],
thereby providing a faster workflow for optimising cellular entry than by relying on EM
data alone.

To investigate the systemic behaviour of nanostructures in terms of translocation,
accumulation and nanoscale cellular interactions, correlating EM and quantitative methods
such as radioimaging and ICP-MS may prove valuable in the future. Radioactively
labelled CNTs were used to study their spreading and accumulation in exposed mice [41].
Using this method, CNT exposure was characterised, and it would then be possible to
investigate organs of similarly exposed mice using the methods of this project for finding
and imaging CNTs in tissue. Furthermore, as an extension of Raffa et al., lysosome
tracking can be performed at longer time scales and correlated with EM to detect whether
CNTs can disrupt lysosomes [223].
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Since nanostructure-cell interactions in this thesis and in the future will continue to rely on
electron microscopic imaging techniques, one should consider the artefacts coupled with
the methods. For instance, the appearance of the lamella bodies identified in this thesis is a
result of fixation [77], while various ultramicrotomy artefacts were noted in Paper II. We
also know that electron microscopy processing will cause volume changes [94], and this is
acceptable for investigating tissues where the volume changes are (almost) uniform.
However, when investigating cellular interactions with rigid nanostructures, small volume
changes might drastically influence the resulting sample. We had one instance of cells
showing a lack of ultrastructure detail which bent rigid nanowires (not shown), this was
likely caused by a poorly buffered step during sample processing. However, what if
sample processing causes other artefacts, such as for instance introducing nanoparticles
into cells during the Epon infiltration? Therefore, further studies should be correlated and
we also suggest looking into cryogenic techniques for verification (which have their own
set of artefacts).
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Appendix B

Selected supplementary information for Paper |

Embedding protocol

Fixation

Flush

Post-fix/stain

Rinse

Mordant

Rinse
Stain
Dehydration
Dehydration
Dehydration

Dehydration

Embedding
Embedding

Embedding
Embedding

Curing

2% GDA (0.2 M) + 0.05 M cacodylate buffer (total 300 mOsm) Min. 1 hour

0.15 M cacodylate buffer

1 % OsO4 + 0.12 M cacodylate buffer
Milli-Q

1%wt tannic acid in Milli-Q
Milli-Q

1%wt Uranyl acetate in Milli-Q (can be left overnight)
70% ethanol (can be stored in 70%)

96% ethanol

100% ethanol

Propylene oxide

1:3 Epon / Propylene oxide
1:1 Epon / Propylene oxide

3:1 Epon / Propylene oxide
100% Epon

Cure at 60 deg.
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2 X 30 min

1 hour

2 X 10 min

1 hour

2 X 10 min

2 hours

2 X 10 min
2 X 10 min
2 X 10 min
2 X 10 min

30 min

overnight

1 hour

2 hours

48 hours



Image processing

After the slice and view stack has been recorded several steps are required to convert it
into a useful 3D model. To do this three steps are required: scaling of the Y-direction,
alignment of the individual slices, and a coordinate transformation to match the original
volume — all of which has been done with ImageJ'%.

resulting image stack

substrate

Supplementary Illustration 7.1 Left, the usual method in FIB-SEM is illustrated, here the sample is tilted
towards the ion beam, resulting in normal incidence milling. Right, instead of tilting the sample, the ion
beam is milling at an angle. The insert shows how an image stack is build up, representing the sample.
Notice the Z-direction is parallel to the substrate.

First, as the FIB is at an angle to the SEM, each slice is tilted versus the e-beam; therefore
the obtained image for each slice is a compressed projection which needs to be stretched
to match the actual aspect ratio of the original slice. With an angle of 52 degrees between
the FIB and SEM, this correction in the Y-scale amounts to approximately 1.27 — simply
performed in Imagel.

Second, the SEM imaging will have small random shifts between the slices, most likely
due to surface charging. This creates a significant distortion of the 3D geometry when the
slices are stacked together. A pyramid registration alignment algorithm [224], the stackreg
plugin®, was used for matching of the consecutive slices.

Third, depending on the amount of automatic beam shift between slices the stack will
exhibit an angled substrate in the ZY plane. For the tilted sample the data is skewed using
the affine function to level the substrate. If the automatic beam shift had matched the
displacement of the substrate in the Y-direction exactly as it was milled this had not been
necessary. For the non-tilted sample however skewing of the stack to level the substrate
would lead to a distorted stack. Instead the stack is skewed to obtain a substrate angle of
52 degrees after which is rotated to represent the original volume. Refer to
(Supplementary Illustration 7.2 and 7.4) to see the different transformations — these
transformations are performed using the affine function'* in ImageJ [225].

12 Java based image processing and analysis program. Available from: http://rsbweb.nih.gov/ij/.
13 Stackreg plugin for imageJ. Available from: http://bigwww.epfl.ch/thevenaz/stackreg/
14 Transforml]. Available from: http://www.imagescience.org/meijering/software/transform;j/
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Supplementary Illustration 7.2: The different transformations made to obtained image stack to make it
represent the original volume.

To illustrate how the transformations look for a non-tilted sample, the individual steps for
the non-tilted cell on a glass substrate is shown in Supplementary Illustration 7.4 and 7.5.

An image stack was obtained with a non-tilted sample, a single slice and the stack seen
from the side can be seen in Supplementary Illustration 7.3. This stack has to be post
processed as outlined above, that is, it has to be: stretched in the y-direction, individual
slice aligned using the stackreg algorithm, the substrate corrected using the affine
function, and then the stack has to be adjusted for not being obtained with normal angle
milling (cf. Supplementary Illustration 7.2 for the side view showing the different effects
of the post processing).

As imaged XY As imaged ZY

EMBEDDING Manual beam shift
MEDIUM

muffle

cytosol =

F nucleus
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‘/‘ ..-“ 'y

e

2 Mm
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Supplementary Illustration 7.3: Left, a single slice of the raw data can be seen (as imaged), showing how
the cell is situated on the substrate and some internal structures in the cell can be seen. Right, here the raw
image stack is seen from the side, no post processing done. A large manual beam shift was performed during
imaging resulting in the large jump, together with smaller slice to slice variations.
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Stackreg ZY Affined ZY y Rotated ZY

Supplementary Illustration 7.4: Sideviews of the obtained image stack showing the sequential processing
operations’ effects. Left, the individual slices are aligned forming a fairly smooth image using stack-reg
algorithm. Middle, then the substrate is corrected such as to annul the effects of automatic E-beam shifts in
the Slice and view program, resulting in a 52 degree substrate. Right, finally the image stack is rotated 52
degrees to represent the sample on the flat substrate having been cut at an angle.

Particularly the non-tilted substrate required a large amount of computer memory, which
meant that these samples had to be downscaled to 50%, thus decreasing the resolution of
the images. In addition, some image ghosting and alignment errors take place sometimes
giving rise to ripples.

As imaged XY

Supplementary Illustration 7.5: Top, high detail image of the as imaged cell y-scale corrected cell. The
arrow indicates what looks similar to mitochondria. Also observed at * (and other) is what appears to be
empty vesicles without staining inside the cytosol. Lower, a slice of the fully processed stack is shown. The
corrected stack has less detail due to a decreased resolution limited by computer memory, and the non-
slanted milling approach where the quality here relies on the stackreg algorithm to limit misalignment
between the multiple slices represented in this single image.
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Standing nanowires

. Naﬁograss A

Supplementary Illustration 7.6: SEM images of the two types of nanograss substrates used. The two upper
images show ordinary SEM images of the substrates, whereas the two below show the nanograss substrates
having endured the embedding process. The embedded substrate images show standing nanowires and some
which have tilted like the non-embedded ones.

standing nanowires

Supplementary Illustration 7.7: Nanograss A showing standing nanowires next to the cell.
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Appendix C

Carbon nanotube characteristics

Na (1.3%o )
Ni (< 1%o )

CNTsman CNT Large Mitsui-7

Mean length = SEM 846+ 102 4048 + 366 5730 = 490
Mean width = SEM 11+0.7 67+ 4 74+ 4
Minimal width 5.7 23.6 28.8
Maximum width 17 138 173
BET SSA [m?] 254 18 22
Minor elements Al (10%0) Na (< 1%o) Na (< 1%o0)

Fe (2%o ) Fe (< 1%o) Fe (< 1%o)

Al (< 1%0)
Ni (< 1%o)
Mg (< 1%o)

Mn (-)

Al (< 1%o0)
Ni (< 1%o)
Mg (< 1%o)

TEM micrographs of pure CNTs A) CNTsan. B) CNT 4. C) Mitsui-7.
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Appendix D

Additional structures and cells found in lung
tissue

A) Fibres found in the tissue which could be elastin or collagen, but with a measured
pattern periodicity between 50-70 nm, it is most likely collagen as it has a 68 nm
periodicity whereas elastin does not [40].

B) Cellular debris was found outside cells (often type II pneumocytes) which might stem
from the lamella bodies of Type Il cells [226]. The mesh like structure sometimes
observed, appear to identify the debris as being tubular myelin which is part of the
surfactants excreted from type II pneumocytes.

C-D) As mentioned in Chapter 5 we on occasion ran into cells which we had difficulty
categorising. C) The large vesicles or granules could suggest that this was a basophil,
which have been poorly fixed such that the contents of the granules have leaked into the
cytosol. D) The appearance of this cell is rather strange and might be subject to fixation
artefacts.

E-F) Preparation artefacts were observed throughout the samples and were rarely included
in the main text. E) Fold in the section after ultramicrotomy. F) Probably a staining
precipitate artefact.
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Appendix E

Selected supplementary information for Paper lll

BAL cell counts

CNTSmall CNTLarge Mitsui7
0pg 18pg  S54pg  162pg | Opg 18pg  S54pg  162pg | Opg 18pg  S54pg 162 pg
) 9.4 54.7 116.5 89.5 9.4 49.9 94.1 118.0 7.7 55.1 60.6 140.2
Neutrophils
@3 @.n @399 [ @) 6y @9 455 | a1 aee @5 (LY
62.8 49.9 333 225 62.8 45.7 46.5 154 53.2 38.2 374 30.3
Macrophages
69 02 63 @ | 69 09 @) @) | a5 61y 0dH 69
) ) 1.0 17.2 1.4 34 1.0 50.6 86.2 1.7 03 38.8 23.1 2
- Eosinophils
_g (0.5) (6.2) (0.4) (1.5) 0.5) a7 (5.0 (0.7) 0.1) 117 (a1 (0.5)
- 0.8 1.1 0.9 0.5 0.8 2.1 2.5 1.7 1.6 2.8 1.7 0.6
Lymphocytes
02) (0.5) 04 (0.3) (02) (03) 0.7) 0.7) (0.5) 0.5) (0.5) 0.3)
8.8 4.1 8.0 7.6 8.8 8.2 11.2 17.2 11.1 7.9 11.9 22.1
Epithelial
(1.6) (0.6) (0.5) (2.2) (1.6) (1.4) (2.9) 3.7) (1.6) (1.2) (1.9) 3.7)
Total 82.8 127.0 160.0 1235 82.8 156.5 240.5 154.0 73.8 142.8 134.7 1953
otal
(8.3) (11.1) ~ (532) (45.8) (8.3) (11.6) (1490  (20.1) (3.6) (223) (19.5)  (40.8)
) 0.5 109.8 163.0 458.6 2.6 36.1 101.3 159.7 3.0 84.3 154.9 163.2
Neutrophils
02 135 163 @35 | 12 68 (G0 (39 [ 02 (36 (43) (@99
67.4 120.0 190.6 375 57.8 727 79.7 56.5 56.4 103.1 119.7 80.6
Macrophages
(5.9) (267) (226 (109) | & (AL 1AL7)  (85) 4.2) 9.7) (159 (185)
24 69.2 722 7.1 53 317.3 138.3 1.8 0.4 341.3 268.0 100.9
»  Eosinophils
= (0.8) (1L1)  (1238) 2.7 4.4) 374) (333 (0.5) 0.6) (122.7) (94.0) (57.6)
: 1.1 9.9 19.5 2.8 1.7 19.7 16.9 24 0.9 27.0 424 16.5
Lymphocytes
(0.4) (3.7) (5.9) (1.0) 0.6) (6.2) 3.6) (0.8) (0.2) 9.7) (10.2) (5.9
10.6 19.5 285 14.5 7.1 19.2 10.7 11.0 8.5 25.3 254 17.2
Epithelial
(1.6) (4.6) (4.6) (4.4) (1.5) (5.1) (1.8) (1.4) (0.8) ©.1) (1.4) 3.9
Total 82.0 3285  473.0 520.5 74.5 465.0 347.0 231.5 69.2 581.0 610.3 378.3
ota
(7.2) (30.2)  (162)  (87.4) (8.8) (43.6)  (43.6) (41.8) (6.4)  (121.0) (148.1) (75.5)
. 0.7 29.0 28.9 38.0 6.8 26.1 17.6 81.2 1.1 10.2 30.2 90.4
Neutrophils
0.2) 8.9) (12.0) (7.5) 4.2) (11.0) (5.1) (15.6) (0.3) 2.4) (7.5) (14.2)
54.3 76.0 73.1 141.7 60.3 76.2 78.3 86.5 82.4 87.5 99.8 97.5
Macrophages ' ' ’
(46)  (168) (234 qasn | GD O3 A58 (186 | (57 B2 (143 (1)
) ) 0.6 05 02 0.0 20.4 335 323 46.3 0.3 55 21.7 45.5
2 Eosinophils
_g (0.5) 0.2) 0.2) (0.0) (10.1)  (13.2) (14.2) (17.5) (0.0) (1.8) 8.5) (13.6)
® 1.0 16.6 7.1 92 4.9 14.9 19.9 9.5 2.1 16.8 23.1 45.8
& Lymphocytes
©03) 6o 63 @ | 1O GO 6y @) | 0H 6 (8 (3
9.9 15.0 12.7 17.1 9.8 16.3 11.5 17.0 10.0 133 14.3 14.3
Epithelial
19  @o  @3n  @nh | 49 @)  @e @271 | 22 @28 (33 6D
Total 66.5 137.0 122.0 206.0 102.3 167.0 159.5 240.5 95.9 133.2 189.1 293.3
ota
(5.3) (23.6)  (384) (285 | (163) (347) (35.5) (41.2) (5.8) (163)  (31.6) (344

Differential BAL cell counts (xlO3 ) together with the SEM in the parentheses are given for
all the CNTs. Red numbers indicate statistically significant data (p<0.05).
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ECP overview

Day 1 Day 3 Day 28

Dose EcpP ECP EcP
Type lug] Chi3L3 Eos Chi3L3 Eos Chi3L3 Eos

ne LM TEM LM TEM LM TEM

0 - 1 - No - 24 - No - 06 | 0/6 No
CNTSmall 18 2.0 17.2 | 0/1 - 1.4 69.2 | 02 - 1.0 05 | 2/6 No

54 1.0 14 | on - 0.5 722 | 02 - 0.9 02 | 1/6 No

162 1.0 34 | 0/1  No 0.7 7.1 02 No 1.7 00 | 3/66 No

0 - 1 - - - 53 - - - 204 | 1/6
CNTLarge 18 2.8 506 | - - 5.8 3173 | 012 - 1.8 335 | 6/6 No

54 3.1 862 | - - 4.3 1383 | 12 - 2.5 323 | 5/6  Yes

162 1.1 1.7 - No 1.1 1.8 02 No 9.2 463 | 4/6  Yes

0 - 0.3 - - - 0.4 - - - 03 | 1/6 No

18 - . - - - 41. 0/2 - - 55 | 6/6
Mitsui7 8.8 341.3

54 - 231 | - - - 268.0 | 02 - - 217 | 6/6  Yes

162 - 2.2 - No - 100.9 | 0/2 Yes - 45.5 | 6/6 Yes
Carbon 18 - - - - - - - - - - 1/6
Black 54 - - - - - - - - - - 1/6
(Printex 90)

162 - - - - - - - - - - 0/5
SWCNTI 18 - - - - - - - - - - 2/6
(Thomas 54 - - - - - - - - - - 3/3
Swan)

162 - - - - - - - - - - 4/6
SWCNT2 18 - - - - - - - - - - 5/6
(Sigma 54 - - - - - - - - - - 3/6
Long)

162 3/6

Overview of the Chi3L3 level, eosinophil count (Eos) and the samples where ECP crystal
has been observed visually in BAL cells with light microscopy (LM) and in lung sections
with TEM. Dash (-) denotes samples where there is no relevant data or which have not
been investigated, while bold text highlights statistically significant data (p<0.05).

Thomas Swan and Sigma Long BAL cell slides were acquired from a previous study:
Saber AT, Lamson JS, Jacobsen NR, et al. (2013) Particle-Induced Pulmonary Acute Phase
Response Correlates with Neutrophil Influx Linking Inhaled Particles and Cardiovascular
Risk. PLoS ONE 8:¢69020. doi: 10.1371/journal.pone.0069020

CCL11 and CCL24

CCLI11 and CCL24 expression is given as the relative fold-increase in mRNA levels
relative to concurrent controls, where values below 1 indicate a decreased mRNA level.
Statistically significant changes (p<0.05) are marked with an asterix (*).
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Mitsui-7 CNTsman CNTvrarge
CCLI11 CCLI11 CCLI11
18 ng | S4pug | 162 pg 18 pg | S4pug | 162 ng 18 ug | 5S4 pg | 162 ng
Day 1 3.0 5.2° 3.4 Day 1 3.3 2.2 2.2 Day 1 5.67 9.3" 43"
Day 3 - - - Day 3 1.2 29 7.1 Day 3 5.4° 7.4 3.9
Day 28 - L5 - Day28| 16 1.0 2.6 Day28 | 15 1.5 3.6
CCL24 CCL24 CCL24
18 pug | S4png | 162 pg 18 g | S4pg | 162 pg 18 g | S4pg | 162 pg
Day 1 10.7 | 9.8° 2.7 Day 1 3.6 1.2 0.8 Day 1 6.1 20.6 23
Day 3 - - - Day 3 12 23 8.5 Day 3 11.7° | 21.5* 4.6
Day 28 - 1.6 - Day 28| 0.7 1.1 0.8 Day28 | 09 0.8 2.4
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Appendix F
Other projects

FIB-SEM of cells on CNT substrates

In preparation for the planned study of CNTs in tissue, FIB-SEM experiments were carried
out on cells grown on vertically grown CNT substrates [19]. Work was carried out in
collaboration with Arto Heiskanen Senior researcher at DTU Nanotech, then bachelor
student Sigurd Friis Truelsen and Ph.D. student Rafat Wierzbicki. The intended purpose of
the substrates was to use the CNTs as electrodes for intracellular cell measurements.
Therefore, Sigurd worked on fabricating devices with well-defined CNTs grown at
specific locations such that signal from each CNT could be individually measured. In the
process, he also fabricated chips with areas of randomly placed CNTs in order to optimise
fabrication conditions.

NIH3TS3 fibroblast were grown on a selection of the samples, and processed for FIB-SEM
as described in Paper I and Paper VI. Unfortunately, cells were grown beyond confluence
and did not adhere well to the substrate, as a result the FIB-SEM images show cells which
are not in direct contact with the CNTs (Illustration 7.8). The FIB-SEM is however able to
resolve the CNTs with its catalytic particle and the carbon nanostructure itself.

48 T B ISR Sy
Hllustration 7.8: A) Light micrograph of cells grown on the chip, showing the electrode design in the centre.
B) Backscatter FIB-SEM image of cells near the CNT substrate, where the catalyst used for CNT growth is
easily observable. C) SE FIB-SEM image of a cell hovering over CNTs where there is limited contrast.

In response to the issues, Arto worked on developing a protocol for ensuring proper
adherence for a more relevant cell-line, and Sigurd developed the fabrication scheme.

Unfortunately, this took longer than expected so we did not manage to perform more FIB-
SEM experiments.

Gold nanoparticle uptake in Daphnia magna

In collaboration with Ph.D. students Lars M. Skjolding, Sara N. Serensen and Professor
Anders Baun from DTU Environment and Ph.D. student Amalie Thit from Roskilde
University, we used EM to investigate gold nanoparticle uptake in Daphnia magna
(Illustration 7.9).
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Hlustration 7.9: A) LM of a whole Daphnia magna. B) LM micrograph of a thin section where the gold
nanoparticles can be seen in the gut of the daphnia. The nanoparticles have given rise to extensive
ultramicrotomy artefacts (arrowhead).

The purpose was to study the uptake and internalisation of gold nanoparticles in the
Daphnia using electron microscopy, and study how feeding would influence the
nanoparticle uptake. The gold particles were found in both the TEM and FIB-SEM images
in the gut of the Daphnia (Illustration 7.10).

The particles appeared able to cross the peritrophic membrane'” and interact with the
microvili of the cells lining the gut (Illustration 7.10 a). TEM also revealed that some
nanoparticles even appeared to have been internalised by gut cells (Illustration 7.10 b).
Unfortunately, as discussed in Chapter 4 the nanoparticles apparently inside cells may be a
sectioning artefact, and rather be caused by a dislocation and relocation of particles during
ultramicrotomy. FIB-SEM was used to verify that nanoparticles were in fact inside the
cells, but the limited volume investigated showed no nanoparticles inside gut cells,
although they readily were distinguished interacting with microvili (Illustration 7.10 ¢).
FIB-SEM was not able to resolve the nanoparticles, but the backscatter detector installed
on the FEI Helios system may be able to provide sufficient resolution images.

The project is still in progress and they are currently working on verifying the presence of
nanoparticles using EDS, and also verifying that the intracellular particles observed were
not due to an embedding artefact using a variety of different embedding protocols.
Additionally, further 3D FIB-SEM using the backscatter detector installed on the FEI
Helios system may be able to provide higher resolution images, and be able to reveal
whether the nanoparticles were in fact inside cells. Alternatively, one could experiment
with thicker sections and sample tilting to determine if the nanoparticles are inside the
ultrasection.

15 It is a barrier between the lumen and the cells lining the gut.
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Hllustration 7.10: A) TEM image of the nanoparticles zn;éfactzﬁg with the microvilli. B) TEM image of
nanoparticles apparently taken up by the cell. C) FIB-SEM image of gold nanoparticles interacting with the
microvilli of the cells lining the gut.

Miscellaneous SEM

Throughout my project I have also been involved in various small projects seeking to test
the usability of the SEM.

The adherence of probiotics to mammalian cells where investigated together with the two
projects students Mads Olsen, Josephine Licht and Ph.D. student Hasan U. Celebioglu
from DTU Biosys (Illustration 7.11 a). SEM of intestinal cells (Caco-2) growth on porous
membrane structures (Illustration 7.11 b), together with Ph.D. student Hsih-Yin Tan from
DTU Nanotech. Together with Daniel Hoglund and Leifeng Chen from DTU Biosustain,
graphene coatings on carbon fibre material used for cellular growth were investigated
(IMustration 7.11 c¢).

Hlustration 7.11:A) Probiotic bacteria (red) adhering to HT-29 cell (green). B) SEM of CdZo—Z cells
cultured on perforated membrane (not visible). C) Graphene coating on carbon fibre.

Nanoparticle characterisation and detection in meat

Methods for characterising and detection of silver nanoparticles (AgNP) in meat were
tested in collaboration with DTU Food and the department of Environmental Geosciences,
University of Vienna. The nanoparticles in meat where mainly characterised using
asymmetric flow-field flow fractionation (AF*) by Katrin Loeschner and Jana Navratilova.
We supplied TEM imaging of the particle distributions, where the number-based size
distribution of the AgNP (Illustration 7.12). Along with inductively coupled plasma mass
spectrometry (ICP-MS), the TEM size distribution were able to verify that the particle
sizes did not change when observed in the enzymatically digested meat. Rather the AF*
measurements were influenced by the presence of digested meat. More information can be
found in Paper VII and X.

117



=

T 1 T 1 T
10 20 30 40 50 60

diameter (nm)
Hllustration 7.12: A) TEM micrograph of silver nanoparticles. B) Size distribution of nanoparticles
determined by TEM imaging.
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