University of South Bohemia in Ceské Budgjovice

Faculty of Science

Bachelor thesis

Hafnium Chloride, an Alternative Staining

Reagent for Biological Electron Microscopy

Faculty of Science, University of South Bohemia
Institute of Parasitology, Biology Centre, Laboratory of

Electron Microscopy

Magdalena V. Baranyi
2020

Supervised by RNDr. Marie Vancova, Ph.D.
Ceské Budgjovice 2020



Baranyi M., 2020: Haftnium Chloride, an Alternative Staining Reagent for Biological Electron
Microscopy. Bc. Thesis, in English — 41p, Faculty of Science, University of South Bohemia,
Ceské Budgjovice, Czech Republic.

Annotation

This study focuses on the staining pattern of the non-radioactive heavy metal EM stain HfCla,
used during freeze substitution specimen preparation. HfCls was investigated as an alternative
for the prominent uranyl acetate, since uranium based materials have been placed under heavy
restrictions and bans worldwide. We have found a strong HfCl4 staining pattern of microtubules
in myoepithelial cells of Ixodes ricinus salivary glands. Additionally, in several samples, HfCl4
was found to completely fill the cytoplasm of the myoepithelial cells. Nonetheless, artefact

formation around granulated cells was also experienced.
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Abstract

Uranyl acetate (UA) has been used as a heavy metal EM stain for the past 60 years (Bernhard,
1968). Unfortunately, due to rising danger of nuclear warfare, uranium based materials have
been heavily regulated, as well as experienced bans throughout the world (Inoue, Muranaka,
Park & Yasuda, 2016). In order to find non-radioactive alternatives for UA, different
laboratories have investigated the staining ability of other heavy metal containing compounds
(Ikeda, Inoue, Kanematsu, Horiuchi & Park, 2010; Inoue, Muranaka, Park & Yasuda, 2016).
Here, hafnium chloride (HfCl4) was used as a heavy metal stain under cryogenic conditions. As
a model organism unfed Ixodes ricinus salivary glands were used, which were high pressure
frozen and freeze substitution was performed in the presence of OsO4, thiocarboydrazide and
later HfCls. For comparison, additional salivary glands were stained with UA using the same
freeze substitution protocol. To investigate the staining patterns, ultrathin sections were
prepared, counterstained and imaged using a JEOL 1010 TEM. The obtained images show clear
staining differences between HfCls and UA. UA stained sections showed increased contrast of
most cellular structures. HfCls, on the other hand, showed intense staining of microtubules in
myoepithelial cells. Moreover, it appears that HfCls stains granules in certain parts of the

salivary gland more aggressively, damaging the surrounding tissue and creating artefacts.
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1. Introduction

1.1 Electron Microscopy

Electron microscopy is a microscopy technique said to have been first established in Germany
by a team of physicists in the 1930ies (von Ardenne,1938; Mulvey, 1967). The until this day
operational company Siemens, at that time known as Siemens-Schuckert, held the first patent
for magnetic and electrostatic electron lenses for electron microscopy (Marton, 1994). Electron
microscopy is based on the principle of an electron beam being used for depicting the image of
a specimen or material under vacuum conditions. (Vernon-Parry, 2000; Méndez-Vilas & Diaz,
2007; Abdullah & Mohammed, 2019). It functions due to electrons having a much shorter
wavelength than visible light, as well as the resolution increasing if the electrons are at higher
speed, which is feasible by increasing the acceleration voltage (Flegler, Heckman, Klomparens,
1993). Commercially available light microscopes can magnify a specimen up to the factor of
1000, while electron microscopes can achieve a magnification of 100,000 to 500,000 times,
which corresponds to a resolution well below the one nanometer scale, whereas light
microscopes yield resolutions around 200 nm and over (Méndez-Vilas & Diaz, 2007; Vale,

Correia, Matos & de M., 2010).

Electron microscopy is separated into two divisions, Scanning Electron Microscopy (SEM), as
well as Transmission Electron Microscopy (TEM). The principles of SEM can be expressed as
reading the surface of a specimen, by scanning an electron beam across the sample and
documenting the scattering of electrons In SEM, an electron counter, such as a scintillator
detector, detects backscattered electrons, electrons stemming from the reaction of the electron
beam and the specimen, and / or emitted secondary electrons. Backscattered electrons stem
from elastic interactions between deeper set sample regions and the beam, while secondary
electrons stem from inelastic collisions of the surface and its counterpart. The detected electron
signals are composed of either the number of backscattered electrons, which is proportional the
atomic number of elements present in the specimen or of secondary electrons attracted to a

positively charged faraday cage containing the detector.



1.2 Principles of Transmission Electron Microscopy

In biology, TEM has been used for the past 75 years to image cellular structures and organelles
(Porter, Claude & Fullam, 1945). In contrary to SEM, in which a voltage of below 30 kV is
used, a voltage of 80 — 300 kV is generally used in TEM, where an electron beam is transmitted
through the specimen. For the electron beam to be able to pass through, the sample has to be
thinned (Rukari & Babita, 2013; Ilitchev, 2019). In TEM, resolution as precise as 50 pm can be
achieved (Erni, Rossell, Kisielowski & Dahmen, 2009). In some cases, even individual atoms
can be imaged and thereby details at atomic level can be determined (Fitting Kourkoutis, Plitzko
& Baumeister, 2012; Ilitchev, 2019). In biology, for various analyses of cell components, TEM
is vital due to its comparatively high resolution and is used to image cells, cell fractions or
macromolecules (Hayat, 2000). In biological samples, under-focus is often times used for
contrast enhancement, whereby distortion correction is often needed. (Kaynig, Fischer, Miiller
& Buhmann, 2010). Protein ultrastructures at close to atomic level resolution have been made

visible in the past years (Cortese, Diaspro & Tacchetti, 2009).

In TEM, the electron beam can be emitted thermionically into vacuum from a small filament
tungsten or microscopic LaBg crystal, which is connected to a high voltage source (Kobayashi
et al., 1992; Rukari & Babita, 2013). Also, field emission is a possible mode, where a strong
electrostatic field is used to induce electron emission. Therein, upon running voltage, the
electron source emits primary electrons into vacuum (Rukari & Babita, 2013; Ilitchev, 2019).
The beam electrons are focused and positioned by the magnetic field of an objective lens. By
also applying electrostatic fields, the angle through which electrons deflect constantly can be
adjusted and the electron beam can be shifted. For magnifying, the amount of current flowing
through the lenses, needs to be changed. All in all, TEM microscopes incorporate three different
lens-classes, one for condensation of the primary electron beam to a fine spot, one for focusing
the beam that strikes the sample, and one for expanding the beam for hitting the imaging device
accurately. Those imaging screens are usually phosphor based, but also film or YAG screens

with CCD cameras are available (Barbe, 1980; Krivanek & Mooney, 1993).
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Figure 1: Components of a Transmission Electron Microscope. Adapted from (" The Transmission Electron Microscope |

CCBER", 2020)

1.3 Volume Electron Microscopy

Volume Electron Microscopy was initially developed and used to image parts of the central
nervous system in order to better the reconstruction when it comes to 3D data of tissue obtained.
It was found that due to the small dimensions of synaptic vesicles, great resolution in the z-axis
was obtained (Denk & Horstmann, 2004). The 3D data stems either from Serial Section TEM
(ssTEM), which incorporates the collecting and imaging of ultrathin sections subsequently cut
from the resin sample block. ssTEM is therefore only performed by skilled technicians, because
it is necessary to avoid the loss of a section or the creation of artefacts, such as holes, fold overs
and stretching of the section (Harris et al., 2006). Another TEM approach to volume EM,
yielding 3D data, is called tilt-series tomography, in which projection images are acquired from
a section at different tilt angles in regards to the electron beam (from — 70° to +70°) in order to
later reconstruct the objects within this section. Also serial images are taken to later be
reconstructed into a 3D image and is sometimes repeated across serial sections to examine

larger volumes, while still ensuring high resolution (Hoppe, 1981; McEwen & Marko, 2001).

1.4 Biological Specimen Preparation for TEM

Biological materials, analyzed with TEM, need to be manipulated to preserve the cell’s

structure in native conditions (Fitting Kourkoutis, Plitzko & Baumeister, 2012). These



processes, are called fixing and need to be specifically tailored, to what type of tissue or cells

are to be imaged (Cortadellas, Garcia & Fernandez, 2010).

With the aim to preserve structure close to native conditions, water can be immobilized by
cryofixation (as explained in more detail in chapter 1.5 Cryoimmobiliztion) (Maaz, 2015).
Chemical fixation of the biological sample can be performed by fixing the sample with
aldehydes in buffer solution at a concentration of 0.1 M. This is followed by postfixation,

dehydration with organic solvents and resin embedding.

Historically, the mainly used fixative, long before EM was invented, was formaldehyde (37%
w/w) in aqueous solution (formalin), Formalin first needs to be monomerized to methane diol
/ formaldehyde at pH 7,4 in order to be useable as a fixative for biological tissues, since
formaldehyde in water forms polymers (paraformaldehyde) (Pearse, 1980). This

monomerization is depicted in figure 2.
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Figure 2: Monomerization of Paraformaldehyde. As proposed by Pearse, 1980.

For EM fixation, low formaldehyde concentrations (0.5% -5%) were used for many years
(Hopwood, 1970). As of now, buffered 5% formaldehyde solutions are often times used as a
specimen fixative. This is done, since proteins were found to crosslink more efficiently at higher
concentrations. At these concentrations, hydrated formaldehyde forms polyoxymethylene
glycol by polymerization of methylene hydrate (methylene glycol). The number of monomers

polymerized increases with rising formaldehyde concentration (Griffiths, 1993).
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Figure 3: Polymerization to Polyoxymethylene Glycol at High Formaldehyde Concentrations. As proposed by Griffiths, 1993.

In the fixing process, the aldehyde forms methylene bridges with nitrogen atoms. These
crosslinks most often occur between the aldehyde and the nitrogen in the basic side group of
lysine or with the nitrogen atom in amide bonds between different amino acids, and is depicted
in figure 4. With increasing fixation time, the number of methylene bridges increases

(Gustavson, 1956).

ZT

NH,
Lysine

o}
H
HO H i I - "
+ + )I\ )\
Ho”H N — R
Methylene Hydrate Y

(0]

Figure 4: Lysine and Amide Bond of an Amino Acid Crosslinked by Methylene Bridge (green). As proposed by Gustavson, 1956.

Non-proteinogenic substances, such as lipids, carbohydrates and nucleic acids, are not
chemically changed by formaldehyde, if the fixation process does not exceed several weeks,
which is never the case. These substances are encased in a matrix of crosslinked, insolubilized

proteins (Helander, 1994).

In contrary to formaldehyde, glutaraldehyde has two aldehyde functionalities per molecule and
therefore shows higher crosslinking potential. As formaldehyde, glutaraldehyde is overly
present as a polymer in aqueous solution. But in this case, the polymer has one aldehyde per
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repeating unit free to react, as well as one on each end of the polymer, which again showcases
the high crosslinking potential. But in order to fit in as many crosslinks as possible and have
the molecules penetrate the tissue faster, monomerized glutaraldehyde should be used for the

fixation process (Monsan, Puzo & Mazarguil, 1975).

Glutaraldehyde o

L —n

Polyglutaraldehyde

Figure 5: Polymerization of Glutaraldehyde in Aqueous Solution. As Proposed by Monsan, Puzo & Mazarguil, 1975.

Glutaraldehyde crosslinks to free NH> groups of amino acids as well as other kinds of nitrogen
atoms present in proteins, but does this via imine formation, as explained in figure 5 (Monsan,

Puzo & Mazarguil, 1975).

© 0
Polyglutaraldehyde Amino Acid 0

Figure 6: Crosslinking by Glutaraldehyde to Amino Acid via Imine Formation (teal). As proposed by Monsan, Puzo & Mazarguil,
1975.

From this method arose the Tokuyasu Technique, in which fixation is performed with 4 %
formaldehyde and 0,1 - 0,5 % glutaraldehyde for approximately 1-3 h, dependent on sample
thickness. Additionally, the fixed tissue samples are to be stored at 4°C in a 0,1 M phosphate
buffer to increase fixation efficiency. In order to infiltrate the samples before freezing, the

samples are placed in a glucose or sucrose phosphate buffer solution in an ice bath for up to 30



min, wherein the molar concentration of the sucrose is 2,3 M. Fixed and infiltrated samples are

then to be frozen on liquid nitrogen (Tokuyasu, 1973; Griffiths et al., 1984).

1.5 Cryoimmobilisation

Cryofixation is the rapid freezing of the sample in order to avoid the formation of crystals
destroying the structure (Dubochet et al., 1988; Cortadellas, Garcia & Fernandez, 2010). It isa
widely used method for biological TEM sample preparation, since it solidifies the liquid
without the presence of crystals, due to the fast cooling (Dubochet, 2007). The basis of this
process is known as vitrification (Dubochet et al., 1988). Since this cryo immobilization is
instantaneous, the organelles and even the ion gradients in the cytoplasm appears unaltered
(Dahl & Staehelin, 1989; McDonald & Auer, 2006). Cryofixation is usually performed for
objects with depths up to 200 nm via the process of High Pressure Freezing (HPF) (Moor &
Riehle, 1968).

High pressure freezing is based on Le Chatelier’s principle, which states, that the volume of
water increases upon freezing (Dahl & Stachelin, 1989). Since an increase in volume is
unwanted, due to the fact that it would distort all cell components, freezing at elevated pressure
assures that the volume increase is held to a minimum. Additionally, it also hinders the
formation of crystals in the cells. When no crystals are formed, less heat needs to be extracted
per cooling time and the temperature of the total cooling rate, needed for sufficient freezing, is

not as low (Studer et al., 1995).

Before and during HPF, the sample is in a 2,1 bar overpressure environment. The freezing is
facilitated by a pressurized liquid nitrogen stream that hits the sample, and freezes the sample
for approximately 20 milliseconds. After the process, the pressure and temperature are brought

up to atmospheric properties (Vanhecke & Struder, 2009).
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Figure 7: Phase Diagram of Water, modified according to ("Water Phase Diagram | Socratic", 2020)

As the pressure is doubled from the atmospheric 1,013 bar, to 2,1 bar, the freezing temperature
1s lowered to approximately -92°C (Kanno, Speedy & Angell, 1975; Dahl & Staehelin, 1989).
This can be seen in the phase diagram of water depicted in figure 7. Additionally, the melting

point of water is also lowered to approximately -22°C (Kanno, Speedy & Angell, 1975).
1.6 Cryosubstitution

In the process following HPF, Freeze Substitution (FS), the biological samples are incubated in
chemical fixation agents dissolved in organic solvents below the freezing point of water
(Fernandez-Moran, 1960; Bobik, Dunlap & Burch-Smith, 2014). In most cases, the solvent
used is either acetone or methanol, while the fixative is OsO4 in ensemble with UA or
glutaraldehyde. The incubation is performed at temperatures ranging from -80 to -90°C. The
sample is usually incubated for several days. FS facilitates the substitution of the ice, present in
the cells, by the organic solvent together with the fixative. As for the solvent, acetone can be
used for quicker FS applications, up to 96 h FS. Methanol is not used in quick FS. The
temperature program set, warms up the sample stepwise and during each period the sample is
usually incubated in is OsO4 and UA (as is described more detailed in 1.6.1 OsO4 Staining),

dealing with OsOj4 staining under cryogenic conditions.



In FS, temperature protocols usually require a number of days to be completed, while, as of
now, also quicker protocols exist by the name of (super) quick freeze substitution (QFS /
SQFS), which are also able to achieve a qualitatively high result (McDonald & Webb, 2011).
Additionally, there are methods which incorporate a mixture of different fixation agents, in
order to better the visualization of cellular structure, often used in structural research or in

research in the field of immunolocalization (Maaz, 2015).

1.6.1 OsO4 Staining

0504 postfixation is standardly used for the preparation of biological specimen for both TEM,
as well as SEM as a secondary fixative of lipids (Prileschajew, 1909; Stoeckenius & Mahr,
1965; Seligman, Wasserkrug & Hanker, 1966). Even though heavy metal staining has not yet
been fully understood. Upon binding, OsO4 oxidizes unsaturated double bonds in fatty acids
and is thereby reduced to electron dense metallic osmium. Metallic osmium appears black on
the tissue and thereby is used as a secondary stain. In volume EM, strong contrast for bio-
membranes is needed. Therefore a method is needed to attract more osmium to one binding
site. OsOs staining has often been done by following the principle of the OTO-Staining (OsO4
— TCH — OsO4 Staining) protocol, where the fixation process initiated by OsOys is aided by the
usage of Thiocarbohydrazide reacting with the oxide (Seligman, Wasserkrug & Hanker, 1966).
By treating the OsOj4 fixated in the sample, with an excess of TCH (1% TCH in aqueous
solution) the TCH binds to the OsO4 in the sample tissue. After, as the name suggests, the
sample is treated again with 2% OsO4 and binds to the TCH sites. This mechanism is called
bridging and increases the contrast in the entire tissue, but especially in the cellular structures,
that are able to bind the most OsO4, which generally are membrane lipids. In the original OTO
— method staining with hot TCH and OsO4 vapor was suggested, in order to achieve the best
contrast. The OTO-Method is an especially well established one, since it is not said to bring

along the loss of lipids in cellular structures, such as droplets and lipoproteins.

In figure 8, the theoretical reactions and subsequent product formation in the first step of OTO
— staining 1s depicted. Firstly, OsO4 oxidizes a double bond of an unsaturated lipid side chain
in a [3+2] cycloaddition to form a cyclic osmate(VI) diester (Prileschajew, 1909; Stoeckenius
& Mahr, 1965; Seligman, Wasserkrug & Hanker, 1966). In the second step, TCH binds via

alkylation the amino group (Mannich Reaction) and with TCH in excess, it is able to bind to



the OsO4 again via a second amino alkylation, where two possible products can be expected

(Mannich & Krosche, 1912; Seligman, Wasserkrug & Hanker, 1966).
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Figure 8: Theoretical Reactions of Lipid Side Chain with OsOy and TCH, as proposed by Seligman, Wasserkrug & Hanker,
1966

This results in two products that are due to their structure and deprotonateable Hydrogen atoms
on the amino group very likely to attract and bind further OsO4 and thereby increasing the
contrast in membranous structures such as cristae, lipid droplets and vesicles (Seligman,

Wasserkrug & Hanker, 1966)

Nowadays, OsO4 staining under cryogenic conditions, to capture the best possible condition of
the tissue, is preferred. OsOs has been reported to react already with certain lipids at
temperatures as low as — 70°C (White, Andrews, Faller & Barrnett, 1976). Even at temperatures
in which OsOy is not reactive as a fixative (approximately -90°C) it penetrates the sample. By

using OsOg4 at low temperature gradients instead of at room temperature, the formation of
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mesosomes, membranous compartments, in for instance stained bacteria is prevented
(Ebersold, Cordier & Liithy, 1981). When at an active temperature, OsO4 binds to form osmate
- Os(VI). This supports the thesis that the initial reaction between an unsaturated lipid and OsO4
starts at the lipid’s double bond to form osmate derivatives, as proposed by Seligman,
Wasserkrug & Hanker, 1966. In aqueous medium, via hydrolysis, also more reduced species
like Os(IV) and Os(IlII) are said to be formed and therefore mixtures of these three oxidation
states of osmium tetroxide, in the forms of osmate esters, osmium dioxide and in 0xo- or amino

complexes (Seligman, Wasserkrug & Hanker, 1966).

1.7 Resin Embedding

Polymerizable resin embedding is needed to make the tissue sample suitable for sectioning. For
this, either epoxy resin or acrylic resins can be used. Epoxy resins are hydrophobic with Epon
or Epon-Araldite being generally the most common Epoxy embedding resins for TEM (Finck,
1960; Carlemalm, Garavito & Villiger, 1982; McDonald, 2014; Jiang & Drummer, 2020).
Before initiating the embedding process, the samples need to have undergone complete
dehydration with propylene oxide or acetone. When using Spurr’s Resin, prior dehydration with
ethanol is also possible. After the sample being infiltrated by the chosen resin, the
polymerization is facilitated by incubating the sample blocks under heat (Richardson, Jarett &
Finke, 1960; Maaz, 2015). Acrylic resins can be infiltrated at either at room temperature or
under cold conditions and can be polymerized under UV light at lower temperature or under
heat. Sufficient polymerization of the embedding resins requires temperatures of 50°-60°C.
They are often used for molecular localization and immunolocalization studies (Carlemalm,

Garavito & Villiger, 1982; Jiang & Drummer, 2020).

1.8 Sectioning and Preparing the Sample

Via ultramicotomy, sections of around 60-80nm are sliced off the resin block, which needs to
be shaped in a trapezoid way beforehand. The resin block is then trimmed in order to bring the
sample to the surface and have an ideal shape for cutting. Grids, 3mm in diameter, are used to
support the ultra-thin sections. In order to be able to examine the structure of a tissue, serial
sections are often cut and transferred onto grids. These support mesh grids are usually made

from copper, nickel or gold and sections can be carbon coated.

11



1.9 Counter Staining

As a counter stain, UA is the most prevalent chemical, since it is able to fully penetrate the thin
sample sections and not just stain the surface (Hayat, 1993). For carbon coated grids, UA is
even able to form a staining film on top of the carbon (negative staining), in order to visualize
small objects like bacteria, viruses and molecules (Rohde, 2011). This process is done to
improve the contrast for highs and lows and increase the signal to noise ratio during imaging

(Thompson et al., 2016).

In most laboratories, both UA and lead citrate together are used for counterstaining of resin
sections. As for the general staining process, UA interacts with lipids and proteins and thereby
enhances the contrast of organelles to cytoplasm, as stated in the UA specific section (Hayat,

1993).

LC interacts with proteins and glycogens for staining purposes. LC interacts with the reduced
osmium present in the sample due to fixation and can therefore bind to polar groups in
molecules. Additionally, it also reacts with UA and is therefore generally applied to the same
sections on the grid, after it was treated with UA (Watson, 1958; Revel, Napolitano &
Fawcett, 1960; Reynolds, 1963; Sharma & Sharma, 2014).

OH 0]

Figure 9: Structure of Lead Citrate, as proposed by "OLED Chemicals ,LCD Chemicals ,Polyimide monomers ,Organic
Silanes - Daken Chemical Limited", 2020

As lead citrate is a chelate compound, depicted in figure 9, and used primarily under strongly
basic conditions, it is due to its association constant mainly present as positively charged lead
ions, which again have great binding affinity for negatively charged membranous structures,

12



such as phosphates. These basic lead citrate stains are also less likely to contaminate the

sections, as they do not form precipitates when left to stain (Reynolds, 1963).

1.9.1 Problems with the Most Prevalent Staining and Fixating Chemicals

Uranyl acetate, in TEM, is used as a stain and fixative, as well as a counter stain. The UO»*"
ions present in UA, form various complexes, which can bind to positively and negatively
charged amino acid sidechains in the biological samples. The binding affinity of these
complexes is highly dependent on the surrounding pH, as well as the UA concentration. In
TEM, the concentration is often times high enough for the complexes binding to positive

groups, to be more likely.

UA, as a uranium derivative, is a radioactive compound. Its most prevalent radioactive emission
is in the form of alpha rays. In the EU, uranium containing compounds, fall under the nuclear
safeguard mechanism in order to prevent misuse for nuclear weapons (Janzekovi¢ & Krizman,
2007). Therefore, in many countries, the purchase of UA is strictly regulated and government
controlled, making it difficult to obtain the needed quantities for adequate staining (Inoue,
Muranaka, Park & Yasuda, 2016). Additionally to its mild radioactivity, it’s acute toxicity and
mutagenicity, as well as it being a major environmental hazard, has been a reason for
researchers to try to find suitable alternatives for both staining and counter-staining purposes
(Inoue, Muranaka, Park & Yasuda, 2016; "Uranyl acetate", 2020; "Uranyl Acetate Technical
Data Sheet", 2020).

Using OsOg4 in cooperation with UA, has been shown to increase the readability and contrast of
cell and organelle membranes (Hayat, 1993). Therein, uranyl acetate binds to molecules, such
as lipids and proteins, containing sialic acid carboxyl groups (Lombardi, Prenna, Okolicsanyi
& Gautier, 1971). This is the case in glycoproteins and gangliosides, which are found in the cell
membrane’s lipid bilayer (Hayat, 2000; Steck, Yiki & Graus, 2013). Strong interactions with
the phosphate backbone of nucleic acids in DNA and RNA have also been reported for UA
(Hayat, 2000; Lin, 2020).

The UO»?" ions are found to be coordinated by four to five oxygen atoms in the carboxylate

groups of the amino acids aspartate and glutamate, as well as in anionic nitrates, acetates and
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in water molecules (Lin, 2020). Therefore, UA is often present as a dihydrate, as depicted in

figure 10.

O\\ %O X 2 HZO
o U2+ 0

Figure 10: Structure of the Dihydrate of the Acetate Salt of Uranium (UA), as proposed by Pandithage, 2020

The binding mechanism of UA is not just ascribed to the electrostatic cohesion of positive and
negative charges, but also due to H-bonds between amino acid side chains or their backbone,
with uranyl oxo groups (Lin, 2020). In case of lipids, as in cell membranes, the UO,>" ion binds

to the polar phosphate head group, as depicted in figure 11 (Ting-Beall, 1980; Hayat, 2000).
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As a non-radioactive, and therefore easily purchasable alternative to using UA as a heavy-metal
EM stain, Inoue, Muranaka, Park & Yasuda, 2016, have explored the possibilities to use HfCla,
SmClz, and GdAc. The outcome was generally positive. HfCls was found to be the superior
stain for bio-membranes, SmCI; for ribosomes and mitochondria and GdAc for cytoskeletal
filaments. This fluctuation also indicated that the staining mechanisms behind all three reagents

1s not the same (Inoue, Muranaka, Park & Yasuda, 2016).

SmClI3 and GdAc are both trivalent lanthanides. Until this point SmCls has only been used as a
catalyst in organic synthesis (Shen, Huang, Wang & Zhou, 2007). GdAc, on the other hand has
been used as a contrasting agent in MRI scans for an extended amount of time, since Gd**
chelates are paramagnetic and water soluble. The magnetic moment generates a localized

magnetic field and thereby influences the spin of surrounding protons. It is transported through
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the body by lightly binding to serum proteins (Xiao et al., 2016). In the TEM staining
mechanism, Gd** is said to bind to PO4*" ions, as well as negatively charged protein side chains

through 1onic bonds (Sherry, Caravan & Lenkinski, 2009).

HfCl4, in contrary to UA, is not present as positively charged ions and the binding process to
negatively charged phosphates and carboxylates in membranous structure therefore is not the
same (Ikeda, Inoue, Kanematsu, Horiuchi & Park, 2010; Inoue, Muranaka, Park & Yasuda,
2016). HfCl4 is not ionized in organic solvents, but it is thought to form aggregates around the
negatively charged parts of membranous structures to which Hf** binds and stains (Tkeda,

Inoue, Kanematsu, Horiuchi & Park, 2010).

Since HfCls was found to sufficiently stain bio-membranes, such as cell membranes, nuclear
membranes and organelle membranes, as well as good staining for nucleolus, mitochondria,
rough ER, glycogen, heterochromatin and even carbohydrates, it seemed to be an all-around
adequate alternative for UA (Inoue, Muranaka, Park & Yasuda, 2016). Already in 1984, Hatae,
Okuyama & Fujita found HfCls to specifically increase the electron density in cytoskeletal
elements, such as microtubules, allowing good imaging, showing additional substructural
features. Additionally to being a lot easier to purchase, the cost for HfCls is over seven times
less, as for UA ("Hafnium(IV) chloride", 2020; "Uranyl Acetate EM grade universal stain",
2020).

Problematic in the use of HfCly is its hydrolysis to HFOCI> + HCl in the presence of water (Fang
& Dixon, 2013). This happens by leaving a bottle of HfCl4 to react with the moisture in the air

and leads to problems in dissolving and staining steps.

1.10 The Importance of Tick Salivary Glands in Research

Salivary glands in hard ticks are not only important for saliva supply, but also for
osmoregulation (Kaufman & Philips, 1937). Since ticks feed on blood, excess water and
unsuitable ions need to be removed from the feed. This is done via saliva, which contain those
unwanted ingredients, and is returned to the host animal. For the species Ornithodoros
moubata, this is not the case. Their osmoregulatory organ is coxal glands, which are not present

in the more common Ixodes ricinus.
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In I ricinus, the salivary glands are arranged in acini, were types I, II and III are present in
female specimen and type IV only in males. Acinus type 1 does not contain any secretory
granules and is therefore also called agranular alveoli (Sonenshine & Roe, 2014). Type I acini
are composed of four cell types, including a central lamellate cell, constrictor cells, peritubular
cells and peripheral cells and are located adjacent to the salivary duct. Type II to IV, granular
acini, on the other hand, have a large amount of secretion granules it the cytoplasm. Type II
acini consist of 6 cell types, all with granules in hard, and three cell types in soft ticks. The
arrangement of the type II acinus cells in hard ticks changes drastically when feeding from a
host. Type III acini are the most common type and are structurally similar to type II. Type IV,
and only present in male specimen, consist of one granular cell type, as well as two non-granular
cell types. They are only present in males, since they are responsible for lubrication and

spermatophore transfer to the female in reproduction (Bowman & Sauer, 2004).

Focusing research on tick is vital, not only due to tick-borne diseases threatening to humans but
also business wise (Jongejan & Uilenberg, 2004). Tick borne diseases facilitate extensive
problems in cattle and other ruminant livestock farming, especially in tick rich areas in Africa,
Asia and South America. In less densely tick populated areas, the typical human diseases, such
as Lyme Borreliosis and Encephalitis come to mind, which bring along an untypically high
mortality rate. As tick salivary glands play a major role in the ticks” feeding process, studying
the structure of them is crucial for understanding and treating tick borne diseases on humans

and livestock.
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2. Aims

This thesis aims to:

1.  Explore the usage of HfCls as a heavy-metal TEM stain under cryogenic conditions.

ii.  Compare pattern of staining of UA and HfCls.

1ii.  Use transmission electron microscopy of salivary glands of Ixodes ricinus as a model

organism for this comparison.
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3. Methods and Materials

3.1 Materials

Chemical Provider
0OsOq4 EMS

TCH Sigma-Aldrich
UA EMS

HfCly Sigma-Aldrich
Hard Plus Resin EMS

Table 1: Main Chemicals Used.

3.2 Methods

The samples were prepared in two different batches, batch 1 having been prepared using FS

protocol 1 and batch 2 having been prepared using FS protocol 2 (see chapter 3.2.3).

3.2.1 Preparation of Tick Salivary Glands by Tick Dissection

Under a dissecting microscope, unfed ticks were placed onto a wax filled petri dish and by
heating up a metal spatula and pressing it into the wax around the tick's legs, the tick was
immobilized. By cutting into the rear end of the tick and along the sides, the dorsal cuticle, as
well as the midgut could be removed. The salivary glands are located as grape-like clusters
alongside the front legs and are removed by fine tipped forceps (Patton et al., 2012). For fast
sample preparation and assuring that cell breakdown could not be visible, the salivary glands

were immediately frozen via HPF.

3.2.2 High Pressure Freezing

Via LEICA EM PACT2 (Leica Microsystems), high pressure freezing of the salivary glands
were performed. HPF was performed in the presence of BSA in HEPES (20% w/v). Gold plated
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copper dishes, containing one salivary gland are inserted into the sample holder and frozen by

liquid nitrogen.

3.2.3 Freeze Substitution and Subsequent Staining of Tick Salivary Glands
After successful HPF, the frozen salivary glands in their HPF sample dishes were transferred
into 10mL glass vials and placed into the FS chamber of a Leica EM AFS 2. To start the
dehydration process, the samples were submerged in solutions specified in table 1 and 2 (all

percentages in w/v):

3.2.3.1 FS Protocol 1

Time (h) Temperature (°C) Environment

96 -90 2% 0s04 in 100% Acetone

This is followed by a temperature rising period of 41h from -90°C to -30°C, with the warming
rate being approximately 1,5°C/h.

Time (h) Temperature (°C) Environment

24 -30 1% TCH in 100% Acetone
24 -30 2% 0Os04 in 100% Acetone
24 -30 1% UA in 100% Acetone
24 -30 1% HfCls in 100% Acetone

Table 2: High Pressure Freezing Protocol for Dehydration and Staining of Tick Salivary Glands from Batch 1

This is followed by a temperature rising period of 24h, going from -30°C to 4°C, with the

warming rate being approximately 1.4°C/h.

3.2.3.2 FS Protocol 2

Time (h) Temperature (°C) Environment

12 -90 2% 0s04 in 100% Acetone

This is followed by a temperature rising period of 12h from -90°C to 10°C, with the warming
rate being approximately 8.3°C/h.
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Temperature (°C)

Time (h) Temperature (°C) Environment

6 -30 1% TCH in 100% Acetone
6 -30 2% 0s04 in 100% Acetone
18 -30 1% UA in 100% Acetone

18 -30 1% HfCl4 in 100% Acetone

Table 3: High Pressure Freezing Protocol for Dehydration and Staining of Tick Salivary Glands from Batch 2.

This is followed by a temperature rising period of 24h, going from -30°C to 11.3°C, with the

warming rate being approximately 1.7°C/h.

Graph 1 depicts the temperature curves for both batches in relation to time spent in the FS

chamber.

Time (h)
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Graph 1: Temperature Curve of both Batches in FS.
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Each solution was prepared freshly for use in FS. Solutions containing TCH or UA were
covered with aluminum foil during the preparation steps in order to shield them from light to
prevent dissociation. Additionally, UA solutions used are pushed through a syringe with a 45
um pore filter (Merck), to remove crystals. As UA is a radioactive as well as toxic compound,
special measurements were taken to ensure laboratory safety. The powdered UA was stored in
a fume hood inside a glass bottle kept inside a tin can in order to prevent radioactive emission.
At all stages, nitrile gloves were worn and mixing of UA, TCH and OsO4 solutions was done
exclusively under the fume hood. Special radioactive waste compartments were prepared for
the disposal of UA solution. Due to its acute toxicity, OsOs waste was also collected in separate

waste containers.

3.2.4 Resin Infiltration and Embedding

To prepare the samples for resin infiltration, the salivary glands were removed from the HPF
discs via pipette and washed with 100% acetone three times for 15 min each, in order to remove

any staining agent.

Hard Plus Resin 812 (EMS) was chosen as the resin for the infiltration process, which consists
of leaving the dehydrated salivary glands in different resin/acetone mixtures in Eppendorf tubes
on a shaker, before putting them into 100% resin for embedding. The specific protocol followed

was the same for UA and HfCly stained samples and is depicted in table 3.

Time (h) Environment

1,5 25% Resin in 100% Acetone
1,5 50% Resin in 100% Acetone
1,5 75% Resin in 100% Acetone
12 100% Resin

Table 4: Resin Infiltration Protocol for EMS Hard Plus

The pure resin infiltration was not performed on a shaker, but in a desiccator, to remove any air
bubbles that might have been present, since high humidity may disturb the polymerization.
After leaving the salivary glands in pure resin overnight, they were embedded in molds and left

to polymerize for 48h at 60°C in an incubator oven.
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3.2.5 Trimming of Resin Blocks

For sectioning, the polymerized resin blocks were trimmed from the edges by razor blade under
the microscope of an ultramicrotome. The rectangular shaped resin blocks were thereby cut into

a trapezoid shape.

To prepare the semithin sections, glass knives must be made beforehand. This was done using
an LBK Knifemaker, which works on the principle of the balanced break method (Tokuyatsu
& Okamura, 1959; Griffiths et al., 1984; "Lkb Glass Knifemaker Manual - Electron
Microscopy", 2020). Glass squares were inserted into the holding forks of the knifemaker. Via
diamond, a diagonal scratch was made into the glass square and on each side, equal weights
pushed down onto the halves. The breaking force used on both sides is equal. After a number
of minutes, the glass square snapped in half, revealing one sharp cutting edge knife and a
counter piece with a blunt edge. Each knife had a sharp and a blunt side of the blade, depending
on the side on top in the knife making process. To have the glass knife collect the semithin

sections, a waterproof band was glued around and fixed with gel polish.

The obtained glass knife was then placed in the knife holder of the Leica ultramicrotome and
the trapezoid resin block was placed inside the sample holder, facing forward. The space
confined between the band and the blade was then filled to the brim with 10% acetone and
approximately 200 nm thick, sections were cut from the resin block and collected on acetone.
The chosen sections were stained, using a 1% toluidine blue solution, placed on a heating plate
at 70 - 80 °C for several seconds and then rinsed with distilled water (Mercer, 1963; Morikawa,
Sato & Ezaki, 2018). Under light microscopy, the sections were then examined and if the

salivary gland sample was clearly visible, ultrathin sections could be prepared.
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Figure 12: Shaping of Resin Block into Trapezoid via Ultramicrotome.

In order to cut sections thin enough to be used in transmission electron microscopy, diamond
knifes were used. Ultrathin sections were cut similarly to the semithin sections, using the
ultramicrotome. The sections prepared came out at approximately 50-80 nm in thickness and

were collected on a water surface.

After the cutting process, the ultrathin sections were transferred onto copper grids and the

upward face was left to dry on filter paper (Yamaguchi & Chibana, 2018).

3.2.6 Counterstaining of the Sections on Grids

For later being able to better distinguish the staining efficiencies of UA and HfCl4 in the OTO-
staining process, a number of grids were left not counterstained, others were only

counterstained with either UA or LC or with both solutions.

The vessel used for the counterstaining process was a dark chamber, lined with parafilm. In the

first step, a saturated ethanolic UA solution was prepared and by weighing in 2.6 g of powdered
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UA and dissolving it in an aluminum covered vessel with 20 mL of 50% EtOH for 2 hours with
a magnetic stirrer. The obtained solution was filtered through a 0,45 mm syringe filter
(Millipore) three times and subsequently stored at 4°C and used within three weeks. For the
counterstaining, the solution was again filtered through a 45 um pore syringe (Merck) and small
droplets were placed onto the parafilm in the chamber. The grids were placed sample side down
into the droplets. The chamber was then closed, and the grids were left to stain for 20min.
Afterwards, the grids were washed for approximately 20 s each in deionized water and placed
onto paper, sample facing upwards, to dry. The metal chamber was again lined with parafilm,
and a highly concentrated NaOH solution was prepared. Tissue paper were placed into the
solution to soak and then the sides of the chamber were lined therewith. This was done to
remove carbon dioxide from the atmosphere, as LC would strongly react with it. This is
facilitated by a reaction of NaOH and CO», to produce Na,COs and water. LC solution droplets
were placed onto the parafilm and the grids were placed, again sample face downwards, into
the droplets, the chamber closed and stained for 10min. The stained grids were rinsed with

water. After drying, the grids were carbon-coated.

3.2.7 TEM Imaging

All TEM images were made, using a JEOL 1010 TEM, which an operating of 80 kV. Serial

sections were produced to provide sufficient ground for comparison between images made.
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4. Results

4.1 Specimen Preparation with UA en-bloc Staining

UA staining pattern was observed mainly in the myoepithelial cell, basal cells, as well as neck
cells surrounding the acinar duct. The myoepithelial cell (one per acinus), which surrounds the
lumen of acinus type III , as well as neck cells contain microtubules at high abundances and
were therefore an area of interest. Additionally, the staining of cell membranes, the cytoplasm,

and substructures of organelles was investigated (Figure 13.A-C.)

Figure 13: Sections through 1. ricinus acinar duct. specimen was en-bloc stained with uranyl acetate according to protocol 1.
Images were counterstained with UA and LC respectively and imaged in TEM JEOL 1010. Magenta arrows (cellular
membranes of neck cells), beige arrows (microtubules), teal diamonds (granules), orange triangle (acinar lumen). Aveolar
duct (AD) and neck cells (NC), mitochondria (M), rough endoplasmic reticulum (RER), nucleus (N). Scale bars: 1pm (4), 2um
(B.C)
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In all TEM images in figure 13, typical UA intense cytoplasmic staining pattern was observed.
Figure 13.A., at high magnification, depicts the staining and contrast of microtubules in the
myoepithelial cell and neck cells, denoted by beige arrows. UA stained microtubules show good
contrast and can be distinguished well from the cytoplasm. Also membranes of cellular
organelles, denoted by magenta arrows, are depicted nicely. At lower magnification (Figures
13.B. and 13.C.), specific electron densities of the different cell types are observed. Due to high
abundance of ribosomes, the electron density in secretory cells was higher than the electron
density of other cell types in figures 13.B. and 13.C. Figure 13.B. (enlarged inset) depicts
junctions between two basal epithelial cells, denoted with an orange triangle. In all figures,
13.A.—13.C. the electron density of cellular membranes and the cytoplasm within the specimen
appears uniform throughout. As the cytoplasm appears to be stained heavily, a good contrast is
created between it and other cellular substructures, in all observed cell types of this area, and
therefore enables the imaging of cell membranes, secretory granules, junctions and other
structures. In Figures 13.A. and 13.B., the marked cellular membranes most likely belong to
basal epithelial cells. As images were taken of granular acini, figures 13.B. and 13.C. show
similar acinus type III granular cells, with a different staining pattern. A minimal number of

artefacts was noticed.

4.2 Specimen Preparation with HfCly4 en-bloc Staining

By investigating the staining pattern of HfCls stained salivary glands, two separate staining

patters were observed. Firstly, the staining of microtubules in myoepithelial cells and neck cells

was described in detail in chapter 4.2.1, as well as the completely electron dense cytoplasm is

shown in chapter 4.2.2.

4.2.1 Intense Staining of Microtubules in Neck Cells and Myoepithelial Cell

In the following images (Figure 14.A-F.), intense staining of microtubules in neck cells

surrounding the acinar duct can be seen.
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Figure 14: Sections through 1. ricinus acinar duct. Specimen was en-bloc stained with hafnium chloride according to protocol
2. Images A, B, E, F were counterstained with UA only, C and D with UA/LC and imaged in TEM JEOL 1010 . Magenta arrows
(cellular membranes of neck cells), beige arrows (microtubules), teal diamonds (nuclei), orange triangles (epithelial junctions).
Alveolar duct (AD), neck cells (NC), mitochondria (M), secretory cells (SC) myoepithelial cell (MC). Scale bars: 2um (4,B,C,
D.F); 5um (E)

Figure 14.B., and its overview image 14.E. show well stained epithelial junctions between two
neck cells and strongly pronounced microtubules within the neck cells, forming the valve.
Similar labeling pattern was also observed in the myoepithelial cell, imaged in figure 14.B.
(denoted by MC). A neck cell (denoted by NC) with highly pronounced microtubules can be
seen in figure 14.F. Organelles, such as mitochondria, display lower contrast. Subjectively, the
contrasts of nuclei (as in Figure 14.B. and 14.E.), as well as granules also show less intense

contrast.

4.2.2. High Electron-Density of the Cytoplasm of Neck Cells and Myoepithelial Cell

The following images (Figure 15.A-C,F.) depict the electron dense cytoplasm of neck cells and

myoepithelial cells, as well as a whole acinus overview (Figure 15.D-E.).
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Figure 15: A-C: Sections through I. ricinus acinar duct. D, E: Sections through whole granular acinus. F: Section through
myoepithelial and neck cells. Specimen was en-bloc stained with hafnium chloride according to protocol 2. Images were
counterstained with UA/LC and imaged in TEM JEOL 1010 . Magenta arrows (cellular membranes), green arrows (artificially
electron-lucent area formed around granules). Alveolar duct (AD), valve (V), nucleus (N), neck cells (NC), axons (A4). Scale
bars: 1um (B); 2um (A,C,F); 10um (D,E). Additionally, image F, shows an enlarged inset, denoted by the green box.

Figure 15.A. shows the high electron-density of the cytoplasm of neck cells and myoepithelial
cell. Additionally, it can be seen that axonal projections with their neurosecretory granules are
heavily stained (denoted by A). The strongly stained cytoplasm of neck cells are best seen in
figures 15.B. and 15.C., wherein also the difference of staining intensity between two unequal
acini can be observed. . Therefore, cellular structures, such as microtubules are not visible. An
enlarged view into the myoepithelial cell, where cellular structures were visible is given by the
inset in figure 15.F. In 15.D. The whole view of an acinus is shown in Fig. 15.E. Artefact
formation in the sense of artificially formed empty areas around secretory granules were

observed (green arrows in Fig. 15.D and 15.E.).

Interestingly, the staining of nuclei showed also vastly different patterns. In figure 13.C., the
nucleus is highly stained and condensed chromatin can be observed, while in figures 15.D. and
15.E., only the nucleolus is seen as an area with higher contrast and no other nuclear

compartments can be visualized.

29



5. Discussion

Uranyl acetate has been used to increase the contrast of biological structures since the 1960s
(Bernhard, 1968). It increases the visibility of cell membranes and organelle membranes by
binding to the polar phosphate head groups of phospholipid membranes (Ting-Beall, 1980;
Hayat, 1993, Hayat, 2000). Unfortunately, heavy restrictions have been placed on uranium
derivatives (Inoue, Muranaka, Park & Yasuda, 2016; "Australia’s Uranium Export Policy",
2020). Additionally, the high cost and acute toxicity of UA, as well as the logistically extensive
radioactive waste disposal problem has fueled the desire to test other ways of heavy metal

staining.

HfCl4, as an alternative staining agent, has been tested by a small number of laboratories before,
but always under room temperature during sample preparation and subsequent post-staining of
the sections (Hatae, Okuyama & Fujita, 1984; Ikeda, Inoue, Kanematsu, Horiuchi & Park, 2010;
Inoue, Muranaka, Park & Yasuda, 2016; Vancova et al., 2019). Especially for delicate
biological tissue samples, HPF and subsequent staining and dehydration during FS is an
essential technique for specimen preparation. To achieve preservation of fine structures of the
tissue HfCls was investigated by en bloc staining during FS, meaning that the findings of this

thesis could be of importance for future use of HfCl4 for EM staining.

HPF/FS is nowadays considered to be invaluable for preservation the native structure of
biological samples. HPF enables the immobilization of cell structures without crystal formation
and fluids inside the cell are fixed to their space in the cell (Dubochet et al., 1988). During
cryosubstitution, an organic solvent, containing fixatives are infiltrated into the specimen at low
temperatures with the aim to exchange the frozen liquids inside the cells and fixate the cellular
structures (Fernandez-Moran, 1960). For microtubules, as an example, it has been shown that
HPF, OsO4 fixation at 40°C, and subsequent FS in the presence of UA improved their visibility,
compared to only using OsO4 fixation (Murata et al., 2002). Excellent staining of microtubules
in cultured cells, as well as other cellular substructures such as microfilaments, has also been
reported for HPF and subsequent FS, at temperatures starting at -90°C and a subsequent
stepwise increase to 0°C. There, the fixation and staining was facilitated by 1% OsO4 and 0,5%

UA in 100% acetone (Shami, Cheng, Henriquez & Braet, 2014).
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As amodel organism for these experiments, /. ricinus salivary glands were used, as they contain
various cell types with a large number of microtubules. In general, research focusing on ticks
is vital, as livestock worldwide often suffer from lethal tick borne diseases. The salivary glands
were high pressure frozen and freeze substitution was performed using the OTO method and
subsequent staining with UA in acetone or HfCls in acetone was facilitated. Resin infiltration
and trimming of the resin block was made before sectioning of the sample. Ultrathin sections

were counterstained with UA or UA/LC prior to TEM imaging.

In I. ricinus, the neck cells forming the valve are one of the cell types showing a high abundance
of microtubules. Additionally, the high electron densities of the cytoplasm of these cells and
myoepithelial cells are an interesting feature, as it allows to trace cells in the complicated matrix

of the salivary glands.

This very interesting HfCly staining pattern is shown in images Fig. 14.B. and 14.C., whereas
the UA staining of microtubules was less pronounced (Fig. 13.A.). The microtubules rich
myoepithelial cells above the valve contain interesting information regarding the cytoskeleton.
This adds to the results stated in Inoue, Muranaka, Park & Yasuda, 2016 as well as Ikeda, Inoue,

Kanematsu, Horiuchi & Park, 2010.

The myoepithelial cells above the valve were also imaged in figure 15.F. and show cell
membranes, which are heavily stained. In contrast, UA stained image 13.B. shows a highlighted
cell membrane, which gives great contrast. Both therefore give good contrast. In regards to
basal epithelial cells, images 15.A. and 14.F. (HfCls), compared with image 13.A. (UA), show

better staining of the cell membranes.

From images 14.C. (HfCl4) and 13.A. and 13.B. (UA), it can be deduced that staining differs in
the sense that the cytoplasm appears to be stained less heavily for HfCls than the cytoplasm
stain of UA. Additionally, regarding the cytoplasm’s electron density and staining efficiency,
counterstaining with lead citrate vastly increases the contrast between cellular structures and

the cytoplasm (figures 14.A., 14.F. without LC; 15.C., and 15.A. with LC).

Unfortunately, as depicted in images 15.D. and 15.E., heavy artefact formation around the
secretory granules of the acinus was experienced. In figure 15.C. similar artefact formation,

even though not as pronounced was also observed. The space separating granules from the

31



surrounding cytoplasm is most likely due to cytoplasm shrinkage or a site of water drainage
during specimen preparation. As the artefact is only in the granulated part of the acinus, one
might assume, the chemistry behind HfCls staining is not suitable for the preservation of
structure of granulated acini and that HfCly is subsequently a more aggressive reagent than UA.
Moreover, Ikeda, Inoue, Kanematsu, Horiuchi & Park, 2010, experienced different problems
when staining with methanolic HfCl4. They dealt with the peeling of the sections from the
collodion coated grids, due to the collodions being dissolved. Here, this was not observed, since

HfCl4 in 100% acetone was used.

It can be argued that differences in HfCls staining pattern and reproducibility of staining can
lead to problems when observing, for example, serial sections or tissues in larger volume (serial
block-face SEM). As HfCl4 appears to show a slightly irregular staining pattern, it might be
challenging to get an identical stain throughout all hundreds of sections needed for ssTEM.
Moreover, a regular and fully thorough staining pattern is wanted to ensure later transformation
into a full 3D model. Therefore, UA staining can most likely not be replaced by HfCL4 for
volume EM techniques. Also, the high density of cytoplasm stained with HfCL4 may interfere
with observations of small objects when the thickness of individual ssTEM sections should stay
low in the z-axis, as for instance during the examination of small structures. As stated in Harris
et al., 2006, sections should not be cut thicker than 50 nm to prevent the overlap of synaptic
vesicles or axonal and astroglial processes. The question is if there is a way to improve the
staining pattern through chemistry, but investigating this goes beyond this the scope of this

thesis..

The staining mechanism of heavy metal stains has not yet been able to be completely explained
by science. For uranyl acetate, is assumed that the species dissociates inter alia into bivalently
positively charged (UO2)*" species, which then ionically bind to negatively charged molecules
in the specimen (such as phosphates, carboxylates, sulfides and more) (Hayat, 2000). The
staining mechanism of HfCly is thought to differ. Ikeda, Inoue, Kanematsu, Horiuchi & Park,
2010, suggested that hafnium chloride aggregates are formed from which Hf*" ions emerge and

thereby bind to the before stated anions in the specimen.

The use of HfCl4 as an alternative staining agent has arisen out of bans and import restrictions
of different countries in regards to radioactive and especially uranium based materials, as stated

in earlier (Inoue, Muranaka, Park & Yasuda, 2016). Additionally, it needs to be assured that
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said uranium derivatives cannot be used for the development of atomic bombs or in any other
types of military programs. Thereby providers of uranium compounds select countries based
on their treaty signatures and alliance memberships, as well as their previous history in regards

to war and unlawful military actions ("Australia’s Uranium Export Policy", 2020).

In nuclear power plants, as well as for the creation of atom bombs and other nuclear weapons,
uranium, as it is found in nature cannot be used, since the natural abundancies of uranium
isotopes are 99,3% of U?*® and 0,7% of U?*. For the production of nuclear fuel rods, a U?*
percentage of 3-4 is needed, while approximately 90% U?3° is needed in order to build an atom
bomb. Therefore the process of uranium enrichment has been developed, wherein the mass
difference of the two isotopes is used in order to separate them. At high angular velocity in a
centrifuge, the heavier U?*® atoms tend to aggregate to the outside, while the lighter U?*3 atoms
can be collected from the inner part. The process is then repeated with all inner atoms for a
certain number of times in order to ensure high isotopic purity. Uranyl Acetate, for the usage
in EM, on the other hand, is usually U?* depleted, meaning that only around 0,3% of the
uranium used is of that isotope. As U?*® is non-fissile, and less radioactive, it is safer for use
and also cheaper, as it often is the byproduct of uranium enrichment. (Hore-Lacy, 2016; "Uranyl

Acetate Technical Data Sheet", 2020).

With that being said, HfCls is, as stated in the introduction, also a lot more affordable than UA
("Hafnium(IV) chloride", 2020; "Uranyl Acetate EM grade universal stain", 2020). Both are
sufficient reasons for testing, whether HfCls, or other non-radioactive stains, are a good

alternative for UA in EM staining under cryogenic conditions.

Recently, an additional non-radioactive staining technique, in which a novel synthesized
cyclometalated iridium (II) complex (cIr-Tub) was used for probing microtubules in
correlative fluorescence spectroscopy and electron microscopy, has been proposed by Tian et
al., 2020. In their experiments, the monitoring of the cell dynamics and structure of
microtubules was the focus. The principle behind this probe is the metal to ligand charge
transfer. Thereby, a molecular orbital charge shift from the metal-like molecular orbitals, to the
ligand-like molecular orbitals, takes place, resulting in the oxidation of the metal in the center
facilitating fluorescence. When the probe is internalized by selective insertion into
microtubules, fluorescent emission is basically switched on. The probe was shown to be able

to tag microtubules and can thereby be used for observing cell mitosis. The probe was also
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tested to achieve great contrast in different EM methods. When comparing solely OsOg4
postfixed sections with others treated with both OsO4 and cIr-Tub, the latter showed complex
networks of microtubules, while the former did not visualize any microtubules. Following clr-
Tub tagged microtubules could be used for cell tracing and fully understanding the role of

microtubules in living systems (Tian et al., 2020).
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6. Conclusion

In order to investigate the possibility of HfCl4 as an alternative for UA in TEM staining under
cryogenic conditions (HPF — FS), tick salivary glands were stained with either HfCls or UA in
100% acetone, sectioned, and counterstained by UA or UA and LC. The imaging was focused
on the staining of microtubules, basal epithelial cells and the myoepithelial cell. The results
showed sufficient staining for both the standard UA protocol, as well as HfCls for the most part.
The main difference being the staining pattern of the cytoplasm, which, in contrary to UA,
showed a dissimilar staining pattern in different HfCl4 stained acini. On the other hand, the
staining of microtubules in neck and myoepithelial cells was excellent for HfCls4 stained
sections. Problematic for using HfCls in the future is primarily the irregular staining pattern,
which would lead to problems in result reproducibility. In addition to this, artefact formation
around secretory granules was experienced. But it can be said that HfCls could be used
particularly for the tracing of myoepithelial cells, by following patterns of heavily stained
microtubules, or by examining the highly electron-dense cytoplasm present in the myoepithelial
cell, in order to identify the cell’s long protrusions surrounding the secretory cells. The HfCl4
staining protocol introduced in these experiments is likely to have limited usage for volume EM

techniques.
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