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Abstract

With the introduction of nanoparticles in health care and daily products, the

interaction between cells and nanoparticles is of great interest. There aremanyways to

examine these interactions, one of them being soft X-ray microscopy. It is a technique

utilizing the water window to image biological samples, its greatest benefit being the

non-invasive sample preparation, keeping the cell in a near-native state.

The Stockholm Laboratory Soft X-ray Microscopy is a compact soft X-ray microscope

that is currently being used to examine cell interactions. However, the sample

preparations have been inconsistent and have yielded few useful and reproducible

results. The purpose of this project is to optimize the cell preparation for better imaging

using the Stockholm Laboratory Soft X-ray Microscope.

To reach the project goal to enable imaging of the nucleus and organelles in

macrophages, this thesis will present a sample preparation protocol for macrophages

where the concentration, blotting and cryo-fixation of the samples have been

improved. The macrophage preparation was also tried on two other types of cells,

amoeba and HEK 293 cells, to see if this preparation is universal for all cell lines.

The results indicated that the most difficult and crucial step is the blotting, as too dry

samples destroy the cells and too wet samples will yield almost no transmission in the

microscope, making it impossible to image.

Keywords

Soft X-rays, Stockholm laboratory soft X-ray microscope, Sample preparation,

Nanoparticles, Macrophages
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Sammanfattning

Med introduktionen av nanopartiklar i vården och dagliga produkter är samspelet

mellan celler och nanopartiklar av stort intresse. Det finns många sätt att undersöka

dessa interaktioner, ett av dem är mjuk röntgenmikroskopi. Det är en teknik som

använder vattenfönstret för att avbilda biologiska prover, vars största fördel är den

icke-invasiva provberedningen, som håller cellen i ett nästan naturligt tillstånd.

Stockholm laborativamjukröntgenmikroskop är ett kompaktmjuktröntgenmikroskop

som för närvarande används för att undersöka cellinteraktioner. Provberedningarna

har dock varit inkonsekventa och har gett få användbara och reproducerbara resultat.

Syftet med detta projekt är att optimera cellförberedelsen för bättre avbildning med

hjälp av Stockholm laborativa mjukröntgenmikroskop.

För att uppnå projektmålet att möjliggöra avbildning av cellkärnor och organeller i

makrofager, så kommer denna avhandling att presentera ett provberedningsprotokoll

för makrofager där koncentrationen, blotting och kryofixering av proverna har

förbättrats. Makrofag-preparatet testades även på två andra typer av celler, amobea-

och HEK 293-celler, för att se om detta preparat är universellt för alla cellinjer.

Resultaten visade att det svåraste och mest avgörande steget är blotting, eftersom för

torra prover förstör cellerna och för våta prover kommer att ge nästan ingen överföring

i mikroskopet, vilket gör det omöjligt att avbilda.

Nyckelord

Mjuka röntgenstrålar, Stockholm laboratoriets mjuka röntgenmikroskop,

Provberedning, Nanopartiklar, Makrofager
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Chapter 1

Introduction

The easiest way to prove and understand the world we live in is by visually examining

it. For the smaller things, microscopes are powerful tools used inmanyways to explore

and understand what we can’t see with the naked eye. Many methods have been

developed to image smaller objects but many also have limitations. Either that they

do not image on a nano-scale, only obtain partial information, or that the sample

needs to be fixed in some way thus disturbing the cell environment. There have been

developments in the microscopy field as better methods have been found e.g. Cryo

ElectronMicroscopy (Cryo-EM) that can image details of a few angstroms (Å) and Soft

X-ray microscopy with a resolution in the nanometer range [1, 2]. Even though Cryo-

EM can image on amuch lower scale, a soft X-raymicroscope enables imaging of whole

cells due to the benefit that it can penetrate deeper into a sample [3, 4]. Soft X-ray for

cell imaging has been used for the so-called ”Water Window”. At small wavelengths

(1-6 nm) oxygen-dense material, i.e. water, in the sample is almost invisible while

any carbon-dense object will not transmit soft X-rays. This will create a pronounced

contrast between carbon-dense material and its oxygen-rich surroundings. The use

of soft X-ray microscopy, in this case is especially promising to look at cells as the

organelles are carbon-rich but surrounded by a water-like liquid [2].

This thesis will explain how to get themost use of a soft x-raymicroscope by optimizing

the sample preparation, to get better contrast and resolution and give the best image

of cells. Sample preparation is of the outermost importance as any change in sample

preparation parameter can lead to bad imaging. By having high transmission more

details can be made out in a sample, e.g organelles in a mammal cell. To get

1



CHAPTER 1. INTRODUCTION

high transmission, the best way is to get single, flat, adherent cells without any ice

contamination. By writing this thesis an overview and optimization of cell preparation

for macrophages [5, 6].

The Stockholm Laboratory X-rayMicroscope was used to image whole cells to carry on

this project.

1.1 Purpose

The purpose of this project is to optimize the cell preparation for better imaging using

the Stockholm Laboratory Soft X-ray Microscope. This thesis is a small part of a

bigger collaboration at the Applied Physics department where nano-particles will be

injected into macrophages and monitored to understand the interactions between

macrophages and nanoparticles. This method will enable health care providers to

recognize irregularity in the body and treat it early.

1.2 Goal

For this thesis, the goal is to enable imaging of the nucleus and organelles in

macrophages. Without adequate cell preparation, this will not be possible. To reach

the goal there are parameters that must be set: concentration of cells, adherence of

cells on grids, stretching of cells, blotting of grids and, cryo-fixation of grids.

1.3 Outline

The outline of this thesis is Background, Method, Results and Discussion and

Conclusion. In every chapter a short introduction and outline will be given.

2





Chapter 2

Theoretical Background

This section will introduce information needed to understand this thesis. First, a

broad introduction is given of imaging techniques. Second, a in depth background

about soft x-ray microscopes is given. Last, sources about sample preparation and

suggestions of improvements can be read.

2.1 Microscopic imaging

The use of microscopy has been in practice since the 16th century and is often credited

to Zaccharias Janssen and Hans Lipperhey, as they came up with the idea of the

compound microscope [7]. Observations from the microscope were not published

until 1665 when Robert Hook published his findings inMicrographia where he

documented the anatomy of a cork under the microscope and from the observation

defined the box-like shape of the cork as ”cells”[8]. Since then there have been

significant advances for the optical microscope, but there are limits to it. For light

microscopes, there is a physical limit of the wavelength of the light. The physical limit

presented by Ernst Abbe in 1873 stated that the resolution is limited by the

wavelength of the visible light (see equations 2.1 and 2.2). Light microscopes are thus

diffraction-limited and can only resolve 0.2 microns [9, 10].

Abbe’s equation is given as:

d =
λ

2NA
(2.1)

where d is the resolving power, λ is the wavelength, NA is the numeric aperture. The

3



CHAPTER 2. THEORETICAL BACKGROUND

numeric aperture is given as:

NA = n · sin(α) (2.2)

where n is the refractive index of the immersion media and α is the maximum light

cone angle [11].

New imaging techniques have been developed to surpass the diffraction limit for

visible light and an obvious solution would be to use a source with a lower wavelength

as the highest value the numerical aperture can reach in modern microscopes is 1.50

[12]. Electrons and X-rays are different types of illumination systems that can be

used to image beyond the diffraction limit of visible light. Some of the many

techniques will be presented.

2.1.1 Criteria for a good image

What makes an image good can be subjective and depends on what the observer is

looking for. In this thesis the image quality will be mainly subjective and will be

determined by the author, however, there are three essential parameters to consider

when studying an image: resolution, contrast, and signal-to-noise ratio.

Resolution

Previously, resolution was described by Abbe and is the ability to distinguish details.

A refined form of Abbe’s equation is Rayleigh’s formula (see equation 2.3).

∆d =
0.61λ

NA
(2.3)

The value∆d is the smallest distance between two points that can be distinguished

before blurring and looking like one point. The smaller∆d the higher the resolution

is as smaller objects can be imaged. However, important to keep in mind is that good

resolution is useless without contrast.

Contrast

Contrast is what makes an object stand out from the background. It is a difference in

color, tone or light and without contrast it would be difficult to set apart the object of

interest from its background, making an image useless even if it has good resolution.

There are digital programs that can be used to improve the contrast e.g. ImageJ.

4



CHAPTER 2. THEORETICAL BACKGROUND

Signal-to-noise

Noise is fluctuation in a signal and results in grainy images. It can arise from

electronic noise, heat noise, or quantum noise in the detector. How noise affects an

image can be given by the signal-to-noise ratio (SNR), which is the relationship

between the signal and noise magnitudes. A high SNR indicates that the image is

smoother without much graininess while a lower SNR means a less even image.

Unfortunately, noise cannot be eliminated but can be reduced e.g. by cooling down

the detector or increasing the flux of the particles making up the image to increase the

SNR.

2.1.2 Electron microscopy

Unlike a light microscope which uses photons to illuminate a sample, electron

microscopy uses electrons. It can be used with biological samples e.g. cells,

molecules, or surface samples. Furthermore, the use of electron microscopy has been

further developed and spawned more advanced systems like the Cryogenic Electron

Microscopy (Cryo-EM).

Cryogenic electron microscopy

The simplest form of the electron microscopy contains an electron gun shooting an

electron beam at a condenser lens, illuminating the sample. After going through the

specimen (transmitting) the electron beam is concentrated by an objective lens

creating a magnified intermediate image. The intermediate image is then imaged and

magnified once more using a projector lens [13]. It is great to study proteins and

small samples on an atomic level [13, 14]. For cryo-EM, the sample must be cryo-fixed

and when imaged kept in cryo-temperatures (−196◦ C). Besides fixing the sample so it

is immobile, the cryo-freezing protects the sample from the electron beam as the

electrons collide with the sample [15]. The sample cannot have dimensions bigger

than 1 µm thus sectioning and slicing of samples is necessary.

2.1.3 X-ray microscopy

William Röntgen was the discoverer of X-rays in 1895 and saw the potential in using

X-rays for medical imaging and microscopy [16]. There is hard X-rays and soft X-rays

(see Figure 2.1.1). The former has higher energy and does not attenuate as easily as

5
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the latter thus making it appropriate to use in medical imaging. Soft X-rays have a

low penetrating power, as it even gets attenuated by the air, making it desirable to use

in microscopy imaging as this quality leads to higher contrast in objects [17]. Some

X-ray methods will be introduced but full-field soft X-ray microscopy will be

explained in further detail in the next section (see Soft X-ray microscopy).

Figure 2.1.1: The electromagnetic spectra, infra-red to the left with low energy and hard
X-rays to the right with high energy.

2.2 Soft X-ray microscopy

There are better imaging techniques to image on a nano-level than soft X-ray

microscopy, e.g Cryo-EM, but there are still many reasons to prefer soft X-ray

microscopy. First, soft X-rays can have a resolution of 30 nm which is lower than for

Cryo-EM, but they can penetrate and transmit through thick samples, more

specifically samples up to 10 µm. This means that the sample to be imaged does not

need to be sliced, sectioned nor minimized in any way to be imaged [18]. Many

mammal cells have sizes in the micron range making them ideal to image using soft

X-rays as no altercations of the cells need to be made. Second, because of the water

window contrast, no staining needs to be made to the cell, once again imitating the

cells native cell as much as possible. It is for these non-invasive, relaxed sample

preparations and penetrating abilities that soft X-ray microscopy is preferred.

Water window

Soft X-rays are electromagnetic waves that can be found in the 1-10 nm interval and

have energies in the 1 keV region. In this wavelength, there is as mentioned before a

so-calledwater window. At this water window, water will become transparent and

carbon-heavy objects opaque thus giving a great contrast. This phenomenon can be

6
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explained by the interaction of soft X-rays with materia. The dominating interaction

at that energy is the photoelectric effect. The K-edge is the wavelength where

increased absorption of X-ray occurs when the energy is very close to the binding

energy of the innermost electrons. For carbon is at λ ≈ 4.3 nm (290 eV) and for

oxygen λ ≈ 2.3 nm (540 eV). The difference in the K-edge gives a window between

λ = 2.3− 4.3 nm (E= 285− 535 eV) where the attenuation difference between oxygen

and carbon is at its peak (See Figure 2.2.1).

Figure 2.2.1: Water window illustrated were the dashed line is the water and the peak
is the K-edge at 2.3 nm. The solid line is for the carbon and has a peak (K-edge) at 4.3
nm. The blue area is the water window were the attenuation differences are at their
highest. The image was adapted from [19] with data taken from [20]

Overview setup

The setup for soft X-ray microscopy is similar to a light microscope. The microscope

has a source shooting X-ray beam at a condenser optics that converges the beam and

aim it at the sample. The beam will interact with the sample. The beam will also

penetrate through the sample and refocused at a detector with the help of a focusing

optic (See Figure 2.2.2).

7
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Figure 2.2.2: A schematic overview of a simple set up for a soft X-ray microscope.

Soft X-ray source

Soft X-ray microscopes need a source that produces soft X-rays at the 1-5 nm

wavelength. Many soft X-ray microscopes use synchrotron as their source e.g Beam

line Alba. An oscillating electron will be accelerated in the synchrotron. Radiation is

generated when the particle changes direction and is emitted in a cone-like shape

[21].

The massive size of the synchrotron has led to the creation of more compact sources

that can be built and put in one room. One of these is the laser-produced plasma

source. A high pulsed laser collides with a target and produces plasma that emits soft

X-rays. However, plasma is extremely destructive meaning a regenerative target is

necessary. This can be a solid target that rotates, gas puffs, or a liquid target e.g liquid

nitrogen. Of all the targets the liquid ones have been proved to create the best

spectral brightness [22].

Condenser optics

To focus the beam on the sample plane, a Fresnel zone plate can be used. The zone

plate has circular diffraction grating [17]. Other types of optics include grazing

incident mirrors and multi-layer mirrors.

8
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Sample

There are a few ways to fix a sample some of them being chemically fixed, dried, or

cryo-freeze. Cryofixation is favored because i)it fixes the sample and inhibits

movement ii) protects the sample from the X-ray beam as it can damage the sample

iii) it is the least invasive method unlike chemical fixation which can damage the

morphology of the sample, iv) the microscope is in vacuum, so keeping the sample

and microscope in cryo-temperatures will help keep the sample moist, as water in

room temperature would evaporate in vacuum. As mentioned earlier, the sample can

be 10 microns thus no sectioning of the sample is needed. The samples are seeded on

EM gold grids, blotted off any excess water, then plunge frozen in a cryogen. The

sample is then stored in liquid nitrogen.

Detector

A CCD detector is the most commonly used detector as it is highly sensitive, and

creates low-noise images at low temperatures. This type of detector is used in most

transmission microscopes.

2.2.1 Stockholm Laboratory Soft X-ray Microscope

For this thesis, the Stockholm Laboratory Soft X-ray Microscope (SLSXM) is used

and all methods will be applied to it. It is a full-field transmission microscope with a

magnification between 600x-1300x, that is used to image whole cells. The first

version of the SLSXM was presented in early 2000, Bertilson et al. [23]. Throughout

the years the setup has been upgraded by research and to this day the setup is being

improved. What sets this setup apart from other soft X-ray microscopes is its size of

it. Because of the compact source, the microscope is much smaller and is not

dependent on the location of a synchrotron facility.

Overview of the Stockholm Laboratory Soft X-ray Microscope

As mentioned, the source for this type of microscope is created in synchrotrons

making this setup only possible in synchrotrons. A solution to this is to make a

compact source that produces soft X-rays. The SLSXM uses a plasma source that

produces soft X-rays. A Q-switched Nd:YAG laser (λ = 1064 nm), with 600 ps pulses

at the repetition rate of 2kHz. The laser is shot at a stream of pure liquid nitrogen,

9
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ionizing the nitrogen thus creating a plasma that emits X-rays in the 285-535 eV

range. The plasma will emit X-rays in all directions, but with the use of a multilayer

mirror, the X-rays can be collected and fixated on the sample plane. Furthermore, a

zone plate is used to focus the rays from the sample plane on a CCD detector. The

CCD detector is cooled down to -65 ◦C to minimize the thermal noise. When imaging

a sample the zone plate is moved in small intervals to get the focus of the sample and

collect a sharp image (See Figure 2.2.3).

Figure 2.2.3: An image of the Stockholm Laboratory Soft X-ray Microscope.

The setup must be in cryo- temperatures (-195 ◦C ) and in vacuum, to stabilize the jet

and to avoid the attenuation of the soft X-rays, as they get absorbed by air almost

immediately. The cryo-temperature is important because the setup is in vacuum,

meaning any water will vaporize if it is in vacuum and room temperature. The low

temperature helps keep the sample damp and. The cooling is done by pouring liquid

nitrogen into a vault and for the cooling, no pure nitrogen is needed but for the

plasma only pure nitrogen can be used otherwise the debris can lead to an unstable

jet.

Image acquisition

High flux is also to be desired and from earlier empirical tries the flux from the source

(without a sample) can reach up to 6000 photons per pixel per second. A high flux

means high transmission through the sample and a higher SNR i.e. better image

quality.

When imaging a sample longer exposure to the X-rays will give a sharper and

smoother image. The image must be perfectly still but even a fluctuation of 1 ◦C can

lead to movement of the sample, and the image can turn out more blurry for longer
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image time acquisition. The temperature has yet to be controlled that it does not even

change by 1 ◦C [24].

The SLSXM is otherwise like any other soft x-ray microscope. Even here the sample

must be cryo-fixated and have a certain thickness. In this thesis, more comprehensive

sample criteria and sample preparation will be analyzed and discussed.

2.3 Sample criteria for soft X-ray microscopy

Depending on what is being investigated the sample preparation can differ. It is

mostly the cell line and the cultivation of the cells that differ. Even though the cell

lines and the imaging technique differ there are still some universal criteria the

sample must fulfill to be able to image it in soft X-ray microscopy.

2.3.1 Choice of cell line

Depending on what kind of cell one wants to image the choice of the cell line is not

rigid. Almost any type of cell can be chosen to be imaged but not every cell line will be

smoothly cryo fixed. There might arise some issues when plunge freezing or blotting

the sample but since there are few sources and other techniques used to image the

only way to know if a cell line will image well in soft X-ray microscopy is by preparing

the sample and imaging it. From there a conclusion is made if the image is good or

not and if the cell is good for imaging. Cell lines that have been imaged are: A549,

BEAS-2B, CV-1, HeLa, HEL 299, HT1080, MRC-5, and U2OS [25]. For this thesis,

the primary cell line used and investigated is macrophages (SC). This is because

macrophages are specialized cells that detect and absorb foreign objects to the host.

The macrophages can destroy or remove debris which is why we would like to see

how macrophages would react to nanoparticles. This is in line with future works

where the interaction between nanoparticles and mammal cells is of interest.

2.3.2 Cell preparation

The sample preparation for soft X-ray microscopy is similar to sample preparation for

Cryo-EM which is why some of the sources referred to are for Cryo-EM. Sample

preparations differ from lab to lab but there are still steps that are general for all

preparation which will be described further. Some preparations are specific to the
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SLSXM and have been established through a trial and error method, by previous

researchers and students.

Cultivation and seeding of cells

The way to prepare the samples is by putting a grid in an aqueous sample containing

the sample one would like to image. The grids are glow discharged to clean them and

to make them less hydrophobic. Depending on the type of sample the grid might need

to incubate in the sample for a few hours to a couple of days to get confluency of

30-50 %. The state of the sample on the grid and confluency can be checked by

washing the grid in Phosphate-buffered saline (PBS). To save time and be efficient

the grid is first imaged in a light microscope to approve the state of the sample i.e.

healthy and with the desired confluency. If the sample on the grid is acceptable, the

grid must be blotted and cryo-fixed [25, 26].

The concentration is difficult to determine as it differs extremely between the cell

lines and the sizes of the cells. The aim is to get a cell flat and stretched out to get the

best transmission and contrast. A perfectly spherical cell will be too thick to transmit

through. It is recommended to have confluency of 30-50 % adherent cell coverage

which is approximately 1-3 cells per well in a grid. An example of this is for U2OS

cells a concentration of 5× 104 cells/ml [27]. In some papers, the incubation time is

at least 24h [28].

Blotting sample

Before plunge freezing the grid needs to be blotted to remove excess water and reduce

the ice thickness otherwise there will be no transmission. The grid is seeded with cells

in a solution. Taking it out from the solution the grid will be drenched. If the grid is

cryo-fixed directly the liquid would solidify and the ice would become so thick that,

once again there will be no transmission. If the blotting is excessive the grid will be

too dry for cells to be on and can destroy them. This is why the blotting is an

important part of the sample preparations. A state must be found where the grid is

not too wet or too dry. There are two ways to blot and plunge freeze, either by using a

Vitrobot or manually. Blotting manually can be done using Whatman 595 filter paper

and blotting the sides of the grid until desired thickness is reached. It is to be noted

that excessive blotting can lead to excessive osmosis in the sample and change the
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structure of the sample. The blotting time should be on average 1-3 seconds but

should be assessed for each cell line. Blotting is done around the grid and then

directly plunge frozen in ethane, propane or a mixture of ethane and propane [26,

29]. If the sample does not look good when it is examined in a light microscope, it is

recommended to redo the sample and follow the same steps but change the

parameters for blotting and concentration. It is usually at the choice of concentration

(too crowded or too sparsely) or the blotting technique that results in a useless

sample [30].

Cryo-fixation

The sample must be cooled at a rate of 104 K/s to form amorphous ice [31]. For the

plunge freezing setup, the cryogen must be condensed using liquid nitrogen. The

cryogen should be poured into a cup that sits inside a bigger chamber. The chamber

will be filled with liquid nitrogen thus surrounding the cup and cooling it down which

will lead to the condensation of the cryogen. The grid should be cryo-fixed as fast as

possible in the cryogen, transferred to liquid nitrogen, and then stored [29]. If the

transfer between the cryogen and liquid nitrogen is too slow the sample will melt and

create crystal ice. That type of ice makes it difficult to image and can destroy the

sample.

A cryo set-up can be very simple as long as there is an arm to attach the sample to and

plunge freeze into the chamber. For the SLSXM the plunge freezing set-up is a simple

arm where tweezers can be attached. The tweezers are holding the sample grid and

with the push of a button, the arm will fall and plunge the sample into a container

under it containing a cryogen. There is a camera in front of it to follow the blotting

process and the water thickness. To the side, there is a lamp to illuminate the sample

(See Figure 2.3.1).

Different types of alkane cryogenics can be used as long as they have a cooling rate of

104 K/s. the reason why a sample is not directly plunge frozen in liquid nitrogen is

because of the different heat capacity of liquid nitrogen. The nitrogen would boil

when in contact with the sample [32]. Typical cryogenics are pure ethane or propane.

The issue with using only ethane or propane is that when they are cooled down by the

liquid nitrogen they will freeze over time. The sample will also form a frozen alkane

layer when going from the cryogen to the liquid nitrogen. This leads to an issue where
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the cryogen has to be heated up a bit and the sample sticks to the transfer tweezers

because of the ice. A solution to this is using a propane-ethane mixture to avoid the

cryogen from freezing over. A mixture of 63 % propane and 37 % ethane will show no

formation of cryogenic ice nor will the mixture freeze over time [33].

This process can also be done automatically using a Vitrobot. In a Vitrobot more

parameters can be controlled e.g. humidity. The Vitrobot will blot the grid and

plunge freeze in an instance [34]. The Vitrobot will guarantee equal blotting and

cryofixation each time.

Figure 2.3.1: Plunge freezing set-up when not used to the left, and to the right when
plunged in to the cryogenic chamber

Storage

After the cryofixation of the samples, the grids can be stored in gridboxes and then

stored in a liquid nitrogen Dewar to avoid the sample from melting and getting

destroyed.
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Imaging in the Stockholm Laboratory Soft X-ray Microscope

The imaging of samples using the SLSXM takes a lot of time as in a full 8 hour day

only 3-4 samples can be fully imaged. The reason for that is that first, the set-up

needs to be cooled down. Liquid nitrogen is poured into it and it takes around 15 min

to reach a temperature below -190 ◦C and for the detector to cool down to -65 ◦C. The

transfer work station is the set-up where the sample is put on an arm that is then

removed from the transfer work station and put into the microscope at the sample

stage. This type of construct also needs to be cooled down, by liquid nitrogen, to

avoid heating up and destroying the sample (See Figures 2.3.2, 2.3.3 & 2.3.4).

Figure 2.3.2: The full transfer station, to the left is the chamber were the sample is
removed from its grid box storage and put on the sample holder. To the right is the
sample holder, that will be put into SLSXM
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Figure 2.3.3: Chamber were cell is removed from storage and put onto the sample
holder. This is usually filled with liquid nitrogen. The pink area is where the sample
will be put and were it connects to the arm of the sample holder.

Figure 2.3.4: The sample stage that will be put into the microscope. The chamber, to
the right, contains liquid nitrogen, keeping the arm and sample cold. In the pink area
is were the sample is placed
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2.3.3 Grids

A grid is a type of frame containing wells and in the wells is where the sample is

supposed to lay. The grids are coated with a film, usually a carbon film, to contain the

sample in the well and allow transmission. Many types of grids can be used for

seeding the sample. The grids can differ in many ways all from size to the material of

the grid. It is of utmost importance that the grids are of gold and not copper as the

cells can die from copper toxicity, while gold is compatible with cell cultivation. Each

grid is 3.05 mm in diameter, 20 µm thick and the size of the wells can be all 200 mesh

(97 µm in width), 300 mesh (63 µm in width), and 400 mesh (42 µm in width). The

most commonly used ones are 200 and 300 mesh as 400 mesh can be too small for

cells to stretch out. Some sources have preferred 200 mesh as it is sturdier, but the

borders between the wells are very thick thus blocking out more area on the grid [25,

29]. The grids are difficult to get hold of which is why in this thesis 300 mesh was

used as 200 mesh was difficult to get hold of and the only difference between 200 and

300 mesh is the number of wells as 300 contains more wells.

The carbon film on the grid can be customized depending on the results. The film can

be continuous, Quantifoil or holey. Holey films contain holes made by stretching the

carbon film and creating irregular holes. This type of film reduces the background

noise. Quantifoil is similar to holey but the holes are regular and evenly spaced. The

holes are also perfectly circular while the holes in holey differ in size. Continuous

means the carbon film has no holes and is preferred when imaging crystals but not

when imaging cells as there will be no transmission through the film [29].
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Chapter 3

Method

In this section, a detailed description of the methods used during the thesis is given.

The choice of methods and the set parameters all either depend on sources given and

described in the background or recommendations from supervisors. First, the cell

preparation will be described as it is uniform and independent of the cell line and

concentration. The choice of the cell, concentration, and cell properties will be

described briefly and motivated. The second is the seeding of cells on the grids. For

the cell preparation and seeding on the grids, a light microscope was used to choose

the best grids and make a first assessment of the appearance of the cells on the grid.

It is time-consuming to image in the soft X-ray microscope which is why it is optimal

to choose the best-looking grids according to the light microscope and image them in

the soft X-ray microscope. The results from the light and soft X-ray microscope will

be presented and discussed in Results and Discussion. Third, is the plunge freezing

process where the grids are blotted, cryo-fixed, and stored. Lastly, a brief explanation

of how the grids and cells were imaged using the Stockholm laboratory Soft X-ray

Microscope.

3.1 Cell preparation

The cell preparation is almost the same for any cell line and concentration. The

amounts are given here can and will be changed depending on the quantity and

concentrations wanted, also the time for the preparation can differ a bit for different

cells. Therefore, a somewhat accurate method will be given and the steps that can

differ will be mentioned and explained.
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The cells that were prepared were macrophages (LRRK2 parental RAW 264.7). These

macrophages have been mutated to give them the ability to stretch out more than

regular macrophages. All cells used are frozen from the beginning. They are not

frozen in liquid ethane, but in ice and are stored in a freezer. The cells are in a vial

inside a metal box in the freezer. Before removing the cells from the freezer, heat a

water bath to 37◦ Celsius. When the water bath has reached optimal temperature,

remove the vial with cells from the freezer and put it in the water bath to thaw. In the

same water bath, a bottle of Dulbecco′s Modified Eagle′s Medium-High glucose was

put in. The media is suitable for the growth of the cells. After 30 minutes in the bath,

remove the vial and media bottle and clean the exterior with 70% ethanol. Wipe the

exterior of any remaining water or ethanol with paper towels. The disinfection of the

vial and other materials was all done inside a laminar flow cabinet. Two Petri dishes

were disinfected under the hood and using a permanent marker the cell type and date

were written on the lid. Using a 10 ml pipette, 20 ml media was put in each dish.

From the vial, 1 ml of cells were taken out using a pipette and put in each dish.

Different types of cells can be used, but only one cell type can be put in one dish as

they should not mix. The dishes were closed, stacked over each other, and gently

swirled around manually for 2 minutes. This was done to mix the cell and media, but

also to evenly distribute the cells over the dish. The dishes were then put in an

incubator with a temperature 35◦ Celsius and 5% CO2 to keep the pH from

changing.

Depending on the growth of the cells one have to split the cells to ensure that they do

no get too dense. The time frame the cells can grow without needing to split is

different for each cell line. The safest option is to inspect the cell growth daily and if

the dishes are crowded with cells it is best to split. Alas, a description of the cell

splitting will be given. For the macrophages, they can go 1 week without needing to be

split.

Once again, heat up a water bath to 37◦ Celsius. Inside the bath a bottle of Dulbecco′s

Modified Eagle′s Medium-High glucose, a bottle of Dulbecco′s Phosphate-buffered

saline (PBS) and a bottle of Gibco TrypLE Express stable trypsin replacement enzyme

were put in. The bottles were in the water bath for around 30 minutes. In the

meantime take out the petri dishes from the incubator and put in the laminar flow

cabinet. Using a 20 ml pipette, the liquid in the dish was removed and discarded. For

every dish a new pipette was used to avoid cross contamination between cells and
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dishes. The bottles were taken out from the bath, disinfected and put inside the

laminar flow cabinet. Using a 10 ml pipette, 10 ml of PBS was used to wash the petri

dishes. The PBS was poured in the dish and swirled around manually for 2 minutes to

then be removed and discarded using the same pipette. For taking out and pouring in

PBS the same pipette was used as it did not have any contact with the cells in the

dishes. However for removing the PBS different pipettes were used for different cells

and dishes. Using a new 5 ml pipette, 3 ml trypsin was poured in each dish. Using the

same pipette the trypsin was pipetted up and down to remove any clumps, and

squirted aggressively on the surface to remove cells adherent to the surface. When

there are no visible clumps or cells on the surface of the dish, the dish is put back in to

the incubator. The trypsin is an enzyme used to separate the cells from whatever

surface they have adhered to. It can take time for the trypsin to get the majority of the

cells to float which is why the dishes with cells are put in the incubator and monitored

every 10 minutes using a light microscope to examine if the confluency is low and

there are cells floating. The time for the trypsin to work also depends on the cell line

as for some it works fast and for others slow. When the cells have reached the desired

confluency (<20%) 3ml of the high glucose media was put in using a 5ml pipette.

New cell clumps will have formed which is why once again the the pipette was used to

pipette the liquid up and down and squirt it on the walls of the dish to remove any

clumps. This was done until the liquid inside the dish looked homogeneous and there

were no visible clumps of cells. The total volume of the liquid inside the dish should

be 6 ml ( 3ml trypsin + 3ml media) thus 5ml of it was discarded using a 5ml pipette.

In the dish was 1ml of liquid left and to that 9ml of high glucose media was poured in

resulting in a 10ml volume. The dishes were then put in the incubator.

3.1.1 Cell concentration

Few to no sources were found about the cell concentration and what it should be.

Many papers have disregarded the concentration needed to be seeded on the cell

while others use a different cell line meaning their concentration would not

necessarily correspond with the correct concentration for our cell line. In this part of

the experiment, a concentration interval was found for the macrophages where the

concentration was not too low that there were empty wells on the grids and not too

dense that the cells cannot spread out. It is optimal to have 1-2 cells per grid to give

space for adherence. Before imaging the grids with the cells in the soft X-ray
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microscope, they were imaged in a ZEISS Axio Vert.A1 light microscope. This is to

save time because using the soft X-ray microscope can be difficult and by primarily

finding the assumed best concentration using the light microscope one can then

image the best-looking grids in the soft X-ray microscope.

The optimal concentration would be found if there are 1-3 cells per well after 24 hours

of incubation. The first concentration tried was in the 104 cells/ml range, because of

earlier sources. Depending on the results the concentration would either be reduced

or increased. The samples would be seeded on grids in a 6-well plate, were every plate

has an area of 8.6 cm2. The volume in this plate needed to cover the grids and the

wells is 3 ml. The concentration will be based on the 3 ml volume of the well. The

wells are consistent thought out the all experiments, so the volume will not change.

For the macrophages the concentration needed to be increased as the wells were all

empty, from the results the concentrations that were tested were 0.5× 106 cells per 3

ml, 1× 106 cells per 3 ml, 1.5× 106 cells per 3ml and 2× 106 cells per 3 ml.

3.2 Seeding cells on grid

First, the splitting of the cells was done the same way as mentioned in the Cell

preparation section, the difference being that instead of discarding 5ml of cells the

5ml was poured into a new container and used later to seed the grids. When the

splitting of the cells was done the cleaning of the grids started. Parafilm was put on a

glass slip and on that glass slip the grids were put on. The grids were put in a 6-plate

well, 3 grids per well. The grids were put so that the wells of the grid were facing up

(front) and the carbon film facing down (behind). The quantity of the grids depends

on the cell batches made, for one type of cell line 4 grids were enough. The grids used

were Agar Scientific Square Pattern Au 300 Mesh TEM Support Grids. For every

batch, at least two grids are required to assure the results. The grids are put in

PELCO easiGlow Glow Discharge Cleaning System to be plasma cleaned in the glow

discharge system under vacuum. The cleaning process takes around 10 minutes and

makes the grids hydrophilic.

While the grids were being cleaned, the 5ml cell solution is softly mixed. 10 µL of

Invitrogen Trypan Blue Stain was transferred to a small tube and 10 µL of the cell

media was transferred to the same tube. The two liquids were mixed by pipetting the

liquid in the tube up and down at least 6 times. The mixed liquid is then poured on a
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disposable slide that was put in an automated cell counter, Invitrogen Countess II.

The cell counter gives the number of cells per ml and the percentage of dead cells. If

the amount of dead cells is less than 20% it can be ignored otherwise it has to be

accounted for. The concentration of the grids was calculated using the concentration

of the cell counter. For example for the concentration of 1.5× 106 cells per 3 ml, the

desired concentration is divided by the concentration from the cell counter

( 1.5×106

cell−counter ). The ratio given is the amount of cell solution in ml needed. The wells

containing the grids must contain at least 3ml of the solution, thus the ratio is

subtracted from 3 ml and the result of that is the amount of media needed. If the

concentration is more than 1.5× 106 cells per 3 ml the amount of cell solution will be

less than the amount of media. If the concentration is less than 1.5× 106 cells per 3

ml then the amount of cell solution will be more than the amount for media. In each

well, the appropriate amount of cell solution and media is added. The grids are then

incubated for 24 hours. Any cell solution or media left was discarded.

3.3 Cryofixation of grids

The last step of the cell preparation is to cryofreeze the grids to protect the cells from

the X-rays and to make the cells immobile.

Before blotting and freezing the grids, the grids need to be inspected and prepared.

The grids were first inspected in the light microscope to make sure that the grids are

not empty or damaged. After the initial screening, the grids were washed in 3 ml PBS

and imaged once again in the light microscope to ensure that the concentration is

good and the cells are stretched out. If the cells are too spherical, the concentration

too high that the cells are stacked over each other, or if there were any damage on the

grids, the samples would be discarded and not imaged as they did not yield good

quality images.

3.3.1 Blotting of grids

Blotting of the grids is a crucial part of the cryofixation of the grids and the thickness

of the ice. The grid is wet when it is taken out of the cell solution. For this process,

different ways of blotting were tried. To observe how the cells were affected by the

blotting, two batches of a sample were always made. Half of the batch was blotted
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and then directly plunge-frozen while the other half was blotted, put back in media,

and then imaged in the light microscope to observe how the blotting affected the

sample. The sample is first picked up by tweezers and attached to the plunge freezing

set-up. As mentioned before, there is a camera in front of the grid to aid with the

blotting. A light 45 degrees to the left of the grid is turned on to illuminate the grid

and the wells. The light was set up so that the wet parts of the grid looked dark and

the dry parts were bright. Types of blotting methods were tested, first letting the grid

air dry and the second blotting the grid from the sides using Whatman filter paper,

and the third is blotting the grid from behind using Whatman filter paper.

For the first blotting, the grid was hung using tweezers and attached to the plunge

freezing set-up. The moment the grid leaves the solution it was in, a timer was

started. The timer was used to measure the time between leaving a solution until the

plunge was frozen. From this first test it was observed that there are three states the

grid can be in: fully wet (dark wells), fully dry (bright wells), and semi-dry wells (half

dark half bright wells). When wet the grid would look dark, then as it would start to

dry it would create this crescent shape form, and if it is left to dry even more then it

would go from the crescent shape to a full bright well, indicating it is fully dry. From

the background, what was desired was a semi-state (crescent pattern), as a too wet

sample would not transmit radiation and too dry would lead to osmosis and damage

of the cells, thus the hypothesis was made that the semi-state is the most pleasant

state for the macrophages. Because of the uncertainty of how much the grid must dry

and how it looks, some pretesting was done to determine the visual effect wanted

when blotting. Pre-testing was done where a grid had all three patterns, bright (dry),

dark (wet), and crescent-shaped (semi-wet). The pretesting showed that the crescent

shape is the best state for imaging and keeping the macrophages alive, thus the rest of

the experiment was conducted with getting the biggest area of the crescent shape in

mind (see Figure 3.3.1).

As a result of the pre-testing, when blotting the goal is to get a crescent-shaped area

for the macrophages. A continuation of the first type of blotting was done where the

grid self dried and when it developed the desired pattern it was plunge-frozen. This

test was done on 8 grids all seeded with macrophages, after blotting 4 were cryofixed

and the other 4 were put back in new media and imaged in a light microscope.

For another blotting experiment, 8 grids were prepared. Once again, all were blotted
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Figure 3.3.1: A blotted grid were the dark area is wet, the crescent shaped area is semi-
wet and the bright area is dry. The illumination comes from the left side. The grid is
300 mesh and the sample was macrophages.

but only four were cryofixed and the other four imaged in a light microscope. For this

process, Whatman filter paper was cut into 8 sectors. Using the sides of the sector the

grid was first blotted from the top where the tweezers accumulate a lot of liquid. The

grid was blotted from the sides from behind carefully to not touch the wells or the

center of the grid as that could damage the grid and cells. When the crescent pattern

has appeared in more than a third of the grid, the grid will be plunged frozen or put

back into the media.

The results from the blotting experiment were promising which lead us to try the

blotting technique on other types of cells, specifically amoeba and HEK 293 cells.

These cells were prepared by other researchers at KTH. Using the new samples they

were blotted using the method that yielded the best results, which was blotting from

the sides, and the samples were imaged using the light microscope. Please note that

the blotting for HEK and amoeba cells was only done once, which is why the results

should not be seen as absolute.
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3.3.2 Cryofixation of sample

In a cryogen holder, the outside chamber is filled with liquid nitrogen and the inner

chamber was filled with the ethane. The cryogen takes a while to cool down and

become a liquid. When the inner chamber has been filled a lid was put on the

chamber and it was put into position in the plunge freezing setup. Following the

preparation and blotting of the grid, the grid was plunged into the cryogenic mixture.

The tweezers holding the grid in the setup are removed from their position all while

the grid is submerged in the ethane. The grid was briefly removed from the mixture

and immediately plunged into the liquid nitrogen in the outer chamber. The grids

were now cryofixed (see figure 4.4.2).

Ethane propane cryogen

Using earlier sources, a gas bottle was ordered containing a cryogenic mixture of 63%

ethane and 37% propane. The exact same steps and methods were used as previously,

only difference is that the mixture in the inner chamber is made of ethane and

propane. Same measurements were taken as previously to correctly cryo-freeze the

grids.

3.4 Grid storage

When the cells have been cryofixed one can either image them directly or store them

for future use. The grids were stored in circular grid boxes with a diameter of 12.8

mm. Each grid box could hold up to 4 grids at the same time and came with a clear lid

that was screwed on and off. Before storing the seeded grids, the grid box is put in

liquid nitrogen to cool down. The lid is screwed off and the grid will be moved and

stored in the grid box, all while being submerged in liquid nitrogen. When the grid is

in the box the lid is screwed back on, securing the grids inside. In a Styrofoam box,

liquid nitrogen was poured and a puck with a diameter of 65.52 mm was put in the

liquid nitrogen to cool down. The puck is a bigger circular storage box with 12

chambers with a rotating clear plastic lid. Every chamber is numbered and can hold

two grids each meaning 24 grids can be stored in one puck. When the puck is cold

enough (The liquid nitrogen around it has stopped bubbling) the grid is swiftly moved

to the puck using a metal gripper that grips on the screw holding the grid and lid

together. Grasping tongs were used to move the puck and put it in shelved puck
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storage that could hold up to 10 pucks. The puck is secured to the shelf with a metal

rod that hooks through a hole in the puck. The shelf was put in a Dewar filled with

liquid nitrogen, submerging the puck in liquid nitrogen.

When wanting to use a stored grid, the shelves were brought up from the Dewar and

using tongs the puck was removed from the shelf and put in a liquid nitrogen bath

inside a Styrofoam box. The grid box was removed from the chamber and carried to

the transfer holder work station which will be discussed in the Imaging of cells

section.

3.5 Imaging of cells

The imaging of the cells was done using the Stockholm laboratory Soft X-ray

Microscope and the basics of the transfer holder station and imaging have already

been explained in the background chapter.

From the previous section, the grid was transferred to the transfer holder

workstation. While doing this the grid must at all times be submerged in liquid

nitrogen, expect when moving it from containers. When moving the grid to different

containers one has to be as fast as possible or ice will form on the grids. The transfer

work station was a holder where the grid can be transported to an arm (also called a

transfer holder) that will later be put in the microscope. A transfer vessel was

connected to the arm which was attached to a cooling vessel. The purpose of the

vessel attached to the arm is to cool down the grid when it is attached to the arm by

pouring liquid nitrogen into the vessel, thus keeping the arm and grid cool. In the

transfer vessel, liquid nitrogen was poured and the grid was transferred to that vessel

using the metal gripper. The lid on the grid box was screwed off and was left in the

vessel during the transfer and imaging. During this process, the transfer holder with

the cooling vessel was attached to the transfer vessel. The transfer holder has a

pocket that can hold the grid. Using tweezers that have been cooled beforehand, the

grid is transferred from the grid box to the pocket. When the grid has attached to the

transfer holder, the holder and cooling vessel were detached from the transfer vessel

and swiftly put in the microscope at the docking station. The transfer vessel had to be

plugged at the place the transfer holder attaches to not leak. While imaging the

cooling and transfer vessels bust be kept cold, thus liquid nitrogen was poured in

them every 5 minutes or when needed i.e. little to no nitrogen in the vessels.
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When the grid was in, the detector was turned on the focus was found by moving the

zone plate until a sharp edge could be seen. Every pixel is set at the size of 16.9 nm so

the flux is proportional to the area of the pixel. The grid is scanned by the user by

moving around the grid until a well with a good cell has been found, according to the

criteria explained in the Background section. When a cell has been chosen the focus

is further improved by moving the zone plate 0.002 steps at a time. After finding the

focus a 10-second image is taken. If that image was good the exposure time increased

and 30 second images were taken. The images were then improved in ImageJ, by

changing the contrast and dynamic of the image.
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Chapter 4

Results and Discussion

In this chapter the results of the concentration, blotting and cryogen mixtures will be

presented. This is because it was these three parameters that resulted in a difference

in the sample. The results will be discussed separately in each section.

4.1 Cell preparation

Notmany changes were done to the cell preparation, but one of the changes is the glow

charge of the grids. When the grids were charged it became much easier to work with

the grids. Moving the grids and putting them in wells went smoother, as previously

the grid would slip or flip. When dripping the cell liquid over the grids the grid did not

repel the liquid. When it was not glow charged the grids would sometimes flip over or

move around when liquid is poured over them. This was all avoidable with the glow

charge and did not happen as frequently as before.

4.2 Cell concentration

From the method, the first concentration tried was 104 cells/ml resulting in no cells

at all even after 48 hours. An extreme measurement was to try an even higher

concentration, which in this case was 0.5 × 106 cells per 3ml. Even this concentration

resulted in very few cells on the grid after 24 hours. Because of the low cell count, it was

concluded that this concentration is not ideal and would not be imaged in the SLSXM

(See Figure 4.2.1).
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Another concentration was tried, 1 × 106 cells per 3 ml. The concentration was

promising as after 24 hours the cells were stretched out and there were few empty cells.

What is noticeable, is that the distribution of the cells was not even as there are some

wells containing one cell while others contain up to four cells. This can be avoided by

stirring the samplemixturemore thoroughly before seeding it on the cell, however that

was done which could indicate that the uneven distribution is unavoidable (See Figure

4.2.2).

The concentration for 1.5× 106 cells per 3 ml, had similar result to the 1× 106 cells per

3 ml concentration. There were more crowded wells but otherwise, the cells stretched

out and there was little overlapping between the cells, which is why this concentration

is acceptable (See Figure 4.2.3).

Last, the 2 × 106 cells per 3 ml concentration was imaged. As seen in figure 4.2.4 the

wells are extremely crowded and were overlapping. Because of the narrow space, the

cells grew in, there was no space for them to stretch out, making them spherical. This

type of grid would be impossible to image in the SLSXM, as crowded wells do impose

an issue in imaging as they can overlap which makes the transmission low.

From the results, the best interval for the concentration would be between 1-1.5million

cells per 3 ml, which is also the concentration used in the rest of the thesis. The reason

why this interval was not narrowed down is that the results fluctuate between these

concentrations. For example for the blotting of grids, a concentration of 1.5 million

was used, per the results. While observing the grids before blotting it was noticed that

sometimes the grid was more crowded other times it was less crowded. Since it has

been established that the distribution of cells can be unpredictable, the interval that

can be guaranteed to give an acceptable sample concentration for macrophages would

be 1-1.5 million cells per 3 ml.

These results differ by a magnitude of 2 compared to sources recommending a

concentration in the 104 cells/ml range. This is primarily because the cells that

were recommended this concentration, U2OS can have a diameter of 40 µm while

macrophages have a diameter of around 21 µm. The size difference affects how

much space they take up in the well. The cell lines also have different growth rates

where one cell line multiplies much faster than another. This further proves that the

concentration must be determined depending on which cell line is being used, as the

interval for the macrophages would not suffice for other cell lines.

29



CHAPTER 4. RESULTS AND DISCUSSION

(a) 40x magnification

(b) 10x magnification

Figure 4.2.1: Macrophage cell sample on 300 mesh holey grid at the concentration
0.5× 106 cells per 3 ml, in media, imaged with a light microscope.
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(a) 40x magnification

(b) 10x magnification

Figure 4.2.2: Macrophage cell sample on 300 mesh holey grid at the concentration
1× 106 cells/ml, in media, imaged with a light microscope.
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(a) 40x magnification

(b) 10x magnification

Figure 4.2.3: Macrophage cell sample on 300 mesh holey grid at the concentration
1.5× 106 cells per 3 ml, in media, imaged with a light microscope.
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(a) 40x magnification

(b) 10x magnification

Figure 4.2.4: Macrophage cell sample on 300 mesh holey grid at the concentration
2× 106 cells per 3 ml, in media, imaged with a light microscope.
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4.3 Blotting of grids

When the concentration of the grids were determined, it was time to blot. In this

section it will be discussed which of the method gave the biggest area of the so called

crescent pattern, and how the cells look like in different levels of dryness on the

grid.

4.3.1 No blotting

Themethod of letting the grid dry on its ownwithout any blotting was thought to be the

most optimal method as the blotting would not disturb the cells. Yet the results were

disappointing, as it turned out that the grids would mostly be dry, killing all the cells.

The reason for this is that the drying would not be uniform. The drying would start

at one point and diffuse to a point opposite to the start drying point. Because of this

when reaching the opposite end, the starting end would be torrid and the cells shrivel

up. Even when only letting half of the grid dry, it would only leave us with patchy areas

being either dry, wet, or in some cases have a concave pattern. The desired concave

shape would appear but because of the varied drying of the grid, the area would be a

fraction of the whole grid area, which is not efficient (See Figure 4.3.1). This process

was very time-consuming as it took on average 5.2 minutes for the grid to dry before

being plunge frozen. Overall, it was decided that this method was not feasible.
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Figure 4.3.1: An image of a grid that self dried. The drying is blotchy and not evenly
distributed.

4.3.2 Blotting from the sides

Blotting from the sides turned out to be themost efficient method. The blotting helped

create a more uniform drying process as the drying started from several points. This

led to a bigger area being semi-dry (concave pattern). It was impossible to get the

whole grid semi-dry as there would be areas that were fully dry or still wet, but when

we visually examined the results, it was clear that this method gave the biggest area

of crescent shape. This method also took on average 35 seconds from blotting to

plunge freezing. The only issue with this method is that the manual blotting can be

straining as one has to be careful otherwise the fragile grid can get damaged (See

Figures 4.3.2)

Macrophage sample

The experiment that was done the most and that gave similar results is the blotting of

macrophage grid samples. The following images all come from the same grid, imaged

in a light microscope at 40x magnification (See Figure 4.3.3). They further prove that

the bright areas are dry. This dryness has led to the destruction of the cells as they
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are dead after blotting and drying for too long (See Figure 4.3.5a). In the wet area,

the cells are still stretched out and healthy. This is obvious as that area of the grid

is wet and the cells have not been disturbed. Unfortunately, if the grid is too wet the

transmission would be too low. This is expected as the wells are 20 µm and from figure

4.3.2 the wet wells look full of liquid. If the wells were full, or close to full, and plunge

frozen, the thickness of the ice would be more than 10µm thick, which would result in

low transmission if imaged with a soft x-ray microscope. Figure 4.3.5c is an image of

the grid before and after blotting in a semi-wet area. The cells still look healthy and

stretched out with some minor cells shrivelling and becoming spherical. The results

from the grids prove that blotting from the sides is themost optimal as there is a bigger

area that becomes semi-wet (concave pattern).

There is some difference in the appearance of the grid in the results as in some the grid

looks metallic in others it is black. This difference is because of the light and focus of

the light microscope.

Figure 4.3.2: A blotted grid from the sides, containing macrophages. It has a dry area
(a), wet (b) and a semi-wet area (c).
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(a) The left image was before blotting and the right was after blotting, in a dry area.

(b) The left image was before blotting and the right was after blotting, in a wet area

(c) The left image was before blotting and the right was after blotting, in a semi-wet area.

Figure 4.3.3: A 40x magnification of a grid with macrophages ( Fig. 4.3.2) in a light
microscope.
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HEK sample

Only oneHEKgridwas blotted and imaged. The results from that experiment indicated

that the cells cannot be blotted from the sides as the cells were damaged in the dry,

wet and semi-wet areas. It is suggested that the HEK cells are not blotted manually

and another technique or method should be found to blot the grids and keep the cells

healthy (See Figure 4.3.5 & 4.3.4).

Figure 4.3.4: A blotted grid from the sides, containing HEK-cells. It has a dry area (a),
wet (b) and a semi-wet area (c).
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(a) The left image was before blotting and the right was after blotting, in a dry area.

(b) The left image was before blotting and the right was after blotting, in a semi-wet area

(c) The left image was before blotting and the right was after blotting, in a wet area.

Figure 4.3.5: A 40x magnification of a grid with HEK cells in a light microscope.
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Amoeba sample

The amoeba sample was also blotted in one experiment (See Figure 4.3.6). The results

showed that the amoeba cells are more resilient than the HEK and macrophage cells.

Even in the dry areas, the cells are still stretched out and healthy (See Figure 4.3.7a).

Following that the cells in the semi-wet areawere healthy too (See Figure 4.3.7b). Since

this was only one experiment, the results are not complete and more experiments are

needed to be done on these types of cells, but the amoeba cells are candidates for this

type of experiment because of their resilience when blotted.

Figure 4.3.6: A blotted grid from the sides, containing amoeba cells. It has a dry area
(a), and a semi-wet area(b).
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(a) The left image was before blotting and the right was after blotting, in a dry area

(b) The left image was before blotting and the right was after blotting, in a semi-wet area

Figure 4.3.7: Amoeba cell sample on grid, blotted from the sides and imaged in a light
microscope at 40x magnification.
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4.4 Ethane propane cryogen

As suspected there was little to no ice formed on the grid when using the

ethane/propane mixture. When using only ethane as cryogen the ethane would freeze

after some time in the cryogen chamber and when removing the sample from the

ethane to the liquid nitrogen, the sample would stick to the tweezers. This wouldmake

it difficult to store the grids as they are stuck to the tweezers. The images of the grids in

liquid nitrogen after being cryofixed in either ethane or ethane/propanemixturewill be

presented. The images are blurry as it was difficult to imagine them in liquid nitrogen

(See Figure 4.4.1). This was previously a big issue as the ethane ice would distort the

image in the soft x-ray microscope. By changing to the ethane-propane mixture this

issue has been eliminated as no ice appears (See Figure 4.4.3).
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(a) Cryofixed in ethane/propane mixture

(b) Cryofixed in pure ethane. In the pink box there is some visible ice.

Figure 4.4.1: Cryofixiation of two grids.
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Figure 4.4.2: Plunge freezing holder containing only ethane cryogen in the center and
liquid nitrogen in the outer chamber. The ethane is has started to freeze.

Figure 4.4.3: Plunge freezing holder containing ethane-propane mixture cryogen in
the center and liquid nitrogen in the outer chamber.

44



CHAPTER 4. RESULTS AND DISCUSSION

4.5 Storage of samples

The samples were stored in a grid box, that is stored in a puck that is then stored in a

nitrogen filled Dewar. The samples were not destroyed from the storage, and since the

Dewar was in the same lab as the soft x-ray microscope, it was easy to transport the

grid from the storage to the microscope, in case of imaging.

4.6 Soft X-ray microscope images of macrophages

Images were taken using the soft x-ray microscope, of a grid seeded with macrophages

and blotted from the sides. In a grid, the result can change drastically from well to

well. The results show that even though a cell is stretched out and adhering to the grid,

that might still not be enough to get contrast in a cell. The following figures all come

from the same sample. Figure 4.6.1 had a peak in the flux of around 5000 photons per

pixel per second. The image is sharp enough to see the carbon film behind and the wall

of the well. However, there is almost no transmission inside the cell and it becomes

difficult to image the inside of the cell. The cell was imaged during 30 seconds.

Figure 4.6.2 also had a peak in flux at 5000 photons per pixel per second. Cell two on

the left has great contrast and transmission. The inside is visibly imaged and the cell

core can be seen. The cell is stretched out and if it was more stretched out, then there

could be a possibility to seemore organelles inside the cell. The appearance of the cell to

the right, cannot be fully explained, it could be a cell stretching out or apoptosis.

Figures 4.6.3 and 4.6.4 are examples of bad imaging. The flux is still at 5000 photons

per pixel per second but and small details of the cell shape and the carbon grid.

However, the core of the cells is dark and there is almost no transmission, rendering

these images useless.

From the results, one can assume that even with adequate concentration and blotting

the cells might stretch out and adhere but that is still not enough to see inside the cells.

When imaging there is no way to know where on the grid the imaging is happening

as there are no markers, making it difficult to know if the imaging is taking place in a

dry, wet or semi-wet state. However, with the help of the light microscope images, it is

known that if a dead cell is found the area imaged is dry, and if the flux is too low the

area is wet. All the figures below can be assumed to have been imaged in a somewhat
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semi-wet area. Yet only one out of five cells had enough contrast at the core. The reason

for that could be the uneven blotting of the grid. A way to avoid that is to automatize

the blotting and cryofixation to eliminate issues caused by the user and result constant

blotting and cryofixation results for every experiment. A Vitrobot is an alternative to

automate the blotting and cryofixation, but also control other parameters, that have

not been investigated in this thesis, e.g. humidity control.

Figure 4.6.1: Imaged macrophage in a soft x-ray microscope. Imaged for 30 sec
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Figure 4.6.2: Imaged macrophage in a soft x-ray microscope. Imaged for 30 sec.

Figure 4.6.3: Imaged macrophage in a soft x-ray microscope. Imaged for 30 sec.
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Figure 4.6.4: Imaged macrophage in a soft x-ray microscope. Imaged for 30 sec.
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Conclusions

To summarize, what has been improved is grid cleaning, the blotting, concentration

and the cryofixation of the sample. Starting from the cell preparation, the plasma

cleaning of the grid made it easier to pipette the sample solution on top of the grids.

Second, the concentration was determined to be 1.5 million cells per 3 ml for the

volume of the well-plate and macrophage. Once again, the concentration needs to

change depending on the cell type. Third, and the most important part, the blotting.

Overwhelming results were showing that a too wet image will lead to a thick layer of

ice making it difficult to transmit and image a sample. If the sample is too dry the cells

might die. The grid must be in a state in between where it is neither too wet nor too

dry, and that semi-wet area is what is desired. Further testing proved that blotting

from the sides gives the most uniform drying with the biggest area of semi-wet states.

When the blotting is done, the sample is cryofixed. The blotting was tried on other

cell samples. The HEK-cells were incredibly sensitive to the blotting while the amoeba

cells were resilient and were still stretched out even in dry areas, proving that even

the blotting can differ for the cell lines. Using past cryogenic liquids like ethane has

led to ethane ice forming on the grid, creating a disturbance in soft x-ray microscopy

images and getting stuck to tweezersmaking it difficult tomanoeuvre the sample. With

the ethane-propanemixture, this problem has been fully eliminated as there was no ice

forming at all. Last, the storage of the samples has been easy and accessible as a Dewar

was installed close to the microscope for easy transportation of the grids. The samples

are stored in liquid nitrogen and do not get damaged by the storage.

In conclusion, there are many more parameters to test and try to see if there are more
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ways the sample preparation can be improved. A way to eliminate some of those is by

the use of a Vitrobot. Since blotting is a crucial step of the sample preparation, one

has to be careful when blotting and be consistent with it. Even with optimized sample

preparation, sometimes the samples will not look good in the soft x-ray microscope,

meaning there is still an improvement that can be made with the sample preparation.

Alas, this thesis is a good foundation for sample preparation for macrophages.
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