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3D ELECTRON MICROSCOPY OF BIOLOGICAL SPECIMENS
Korrinn M. Strunk, MS

University of Pittsburgh, 2012

Three-dimensional (3D) imaging is an important tool in electron microscopy, especially
in biological specimens where the main focus is the structure of the cells. Many times important
information is lost because the exact orientation of a s pecimen is unknown. We tested two
different 3D imaging techniques, focused ion beam (FIB) slice and view, and cryo-FIB thinning
of samples for use in cryo transmission electron tomography (cryo-TEM) and cryo-electron
tomography (cryo-ET).

We began our research with room temperature FIB slice and view, with an intention to
move onto slice and view at cryogenic temperatures. We found this technique to be difficult to
control and the time required to produce results was simply too high. We moved on to
investigating cryo-FIB milling as a tool for thinning cryo-ET specimens. Advances in cryo-ET
have enabled high-resolution 3D imaging of complex assemblies and determination of cellular
architectures in their close-to-native states. However, one major limitation, the accessible
specimen thickness, has hindered its broader application in cellular biology. Recent efforts have
been made to create thin, frozen-hydrated sections using cryo-ultramicrotomy, but with many
mechanical artifacts and low yields. Here, we report a method that applies a focused ion beam
(FIB) at cryogenic temperature (cryo-FIB) to reduce the thickness of frozen-hydrated cells,
including mammalian cells, to a degree suitable for cryo-ET.
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1.0 INTRODUCTION

Cryo-EM is important in the study of biological specimens. First developed by Fernandez-Moran
in 1960 [1] and perfected by Dubochet in 1982 [2], [3], it allows for insight into the exact
structure of biological specimens without altering their native states. 3D electron microscopy can
be used to reconstruct the entire cell structure and provide insight into the exact position and
structure of many important components of the cellular make up. A dual beam FIB/SEM can be
used to create a 3D reconstruction of a bulk specimen both at room temperature [4—6], and at
cryogenic temperatures [7], [8]. By using a slice and view technique, the specimens can then be
reconstructed using a computer program.

Cryo-electron tomography (cryo-ET) has become an increasingly powerful method for
three-dimensional (3D) structural determination of “one-of-a-kind” objects, such as whole cells,
sub-cellular organelles, and macromolecular assemblies, that are preserved in the frozen-
hydrated state [9-11]. It has provided a wealth of ultrastructural information of cellular
compartments in bacterial cells and eukaryotic cells [12—16] and potentially allows visualization
of the molecular and supramolecular architecture of cells and tissues in a close-to-native state
[17], [18]. However, due to the requirement for thin specimen preparation (< 0.5 — 1 um) for
transmission electron microscopy (TEM), cryo-ET structural analysis has been confined to
isolated viruses [19-22], small bacterial cells [10], [14], [23-25], and very thin peripheral

regions (the leading edge) or appendages of eukaryotic cells [12], [25], where useful information



can be recovered from cellular tomograms. To image and access interior structures of larger
cells, in particular, mammalian cells (>5 um), and high-pressure frozen tissues, a method to thin
frozen-hydrated specimens to a thickness less than half a micron is necessary.

The goal of this research was to find a viable technique to apply to 3D cryo-EM, so that
we can view cells in their native state. Then we can view the structures of the cells and analyze
the structure. We began our research into 3D EM by using a room temperature slice and view
technique on E. coli cells embedded in plastic resin. This technique did not yield ideal results so
we focused our research on other techniques that could be viable to 3D cryo-EM.

We then moved on to techniques that can be used to mill large mammalian cells for
viewing in the TEM, as well as cryo-tomography without the numerous artifacts present in
vitreous sectioning. The samples must be thin enough to be electron transparent, with as few
defects as possible, while keeping the cells in as close a state as possible to their native state.
This was achieved using a dual beam cryo-FIB for milling and a cryo-TEM. Starting with E. coli
cells to test our techniques and equipment, we were able to fine-tune a method that is used to
mill vitreous samples. After perfecting our technique and equipment, we then moved onto
milling larger HeLa cells. The milling of the larger cells required a slightly different approach
because they are much larger and harder to distinguish on the TEM grids in the FIB. Using a
longer milling time and higher milling current, we were able to get good results from the HelLa
cell samples and tomographic reconstructions.

This paper will show the experimental techniques and tools developed to successfully
mill large vitreous samples using the FIB and then perform tomography. We have successfully

milled samples containing HeLa cells and have gotten very good tomography results. This



technique can be applied to other large mammalian cells and possibly to the interaction between

mammalian cells and other cells, like viruses or bacteria.



2.0 BACKGROUND INFORMATION

2.1 CRYO-TEM

Imaging biological cells using an electron microscope has proven to be very difficult in the past.
Electron microscopes operate under high vacuum and water evaporates at such low pressures. In
addition, biological specimens are mostly made of carbon and are therefore very susceptible to
beam damage. In the past, different methods were used to try to combat this beam damage. One
method used involves the staining of the biological material before embedding in a plastic resin.
While this method creates samples with high contrast and good image qualities, the dyes and
plastics used alters the cells from their native states [26]. Another method involves imaging wet
cells in a differentially pumped hydration chamber. However, in this method, there is a very high
occurrence of beam damage and the samples cannot be exposed to the electron beam for long
periods of time Also, the scattering of water layers and drops is strong and has a pronounced
effect on the resolution and contrast of the resulting images [27], [28].

The use of freezing at very low temperatures was first developed by Fernandez-Moran in
1960. The rapid freezing of tissue and biological cells suspends all physiological activity by
immobilizing and preserving tissue constituents. Freezing the specimens also reduces the
complex preparation artifacts present in staining and fixing that limit investigations of the native

state. Close approximation of the living state requires more than the preservation of the chief



organic and inorganic constituents of the cellular organization in tissues, the most predominant
of which is water [29]. By freezing the cells in their hydrated state, it is possible to preserve the
water in the cells and tissues. F ernandez-Moran used liquid helium to quickly freeze tissue
specimens for electron microscopy. In these samples, the ice crystals were still visible and
limited the resolution of the images [1].

When water freezes, it creates small ice crystals. These crystals are larger than some of
the structural features of biological samples, which cause structural damage upon freezing. It was
found in the 1980's that it is possible to cool water into a vitreous (or glass-like) solid [3]. In the
previous attempts to form vitreous water, the biggest obstacle was the thickness of the water
layer. Fortunately, the thickness required to form vitreous water is the same thickness needed for
electron microscopy (<0.5um-1pm). The problem of how to form a sufficiently thin, stable layer
of suspension was solved by Dubochet in 1984 by spanning the unsupported liquid over hole in
an electron microscopy grid [30]. It was found that this vitrification of water occurs at -160 C, so
conventional liquid nitrogen can be used.

The technique used for creating cryo-TEM grids involves suspending an uncoated
electron microscopy grid vertically in forceps above a pot of liquid ethane cooled in liquid
nitrogen. A drop of suspension containing the specimen is then applied to the grid. Most of the
liquid on the grid is removed by blotting with filter paper for a few seconds and since the thin
liquid layer is self-stabilizing, this method is not critical. The sample is then plunged into the
liquid ethane where it vitrifies quickly (figure 1). The sample is then transferred to liquid
nitrogen and mounted onto a cryo holder for use in the TEM. During imaging, a large defocus

value is used to make sure of the large phase contrast [2]. There is still damage if the sample is



exposed to the beam for too long, or at too high of a dose (figure 2), so a low dose electron beam

is used [3].

Adjustable stop
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Figure 1: Schematic of the plunge freezing apparatus [31]



Figure 2: Bubbling in vitrified water. A specimen of 0.160 g m-2 vitreous water obtained by

condensation of low pressure vapor on a cold carbon coated formvar film is irradiated at 110K in the areas a-
h by electron doses of 5, 20, 40, 80, 120, 240, 340 and 450 ke nm-2 respectively, applied at the rate of 2 ke nm-

2s-1 with 80 kV electrons [3].

Thus, it is possible to image specimens in their completely native states. A comparison in
figure 3 shows the difference between vesicles in vitreous ice (figure 3 (a)) and those imaged
using a staining and embedding technique (figure 3 (b)). It is possible to get a good high-
resolution image using vitrification due to the signal to noise ratio. The signal from unstained,
unsupported, hydrated objects is low, but not negligible. This signal difference comes from the
difference in mass density between the biological material (about 1.35 g cm™ for compact
protein) and the vitrified medium (about 0.93 g cm™ for vitrified water). This difference is
substantial and allows for use of phase contrast. The noise in the image is also low because there
are no contributions from stain and supporting film and the sample is not damaged during

preparation [3].



Figure 3: Soya bean phospholipd vesicles obtained by dialysis of the lipids (1 mg ml-1) solubilized in

1% neutral detergent. (a) Thin film vitrification: thin layer of unstained, unsupported vitrified solution.
Insert: enlarged view of a vesicle from another preparation. (b) Conventional preparation, negatively stained

with 2% sodium phosphotungstate pH 7.2 [2].

22 TOMOGRAPHY

2.2.1 Overview

DeRosier and Klug first developed the principles and methods for tomography in 1968, however
the technique did not see widespread use until the 1980s when technology became more
advanced [32]. The invention of computer control, improved specimen stages, highly sensitive
digital image recording, field emission electron sources, and energy filtering, combined with
advanced computer processing allowed the technique of electron tomography to become more

refined and readily available [33].



Regular TEM images provide the user with an "xray" view of the specimen. Although
this can allow the viewer to see the inside structure of the specimen, this also has a disadvantage
in that structural details from different depths in the specimen are superimposed in a two
dimensional projection [33]. Figure 4 s hows an example of this discrepancy; in this set of
images, it is not possible to discern where the particles are located when looking at the 2D
projection [34]. When compared to other three dimensional microscopy techniques such as
scanning confocal fluorescence and deconvolution light microscopy, electron tomography offers
an improvement in resolution of 40-100 fold [35]. Tomography also occupies a place in 3D
biological electron microscopy between work being done at near atomic resolution on isolated
macromolecules or two dimensional protein arrays and traditional serial section reconstructions
of whole cells and tissue specimens. In the field of electron microscopy, electron tomography

can complement serial sectioning by providing a higher resolution in the depth dimension [33].



Figure 4: Schematic drawing of an image of catalyst particles on a zeolite substrate as seen in the
TEM (seen from top in x-y projection, at top) and three possible x-z configurations (seen from the side in x-z
projection). Without three-dimensional information we do not know which of the three possibilities would be
correct and no conclusions can be made about inter-particle distances and location on the zeolite (inside, one

surface, all surfaces) [34].

In electron tomography, the initial data is collected by tilting the specimen in the electron
beam. The resolution and quality of the reconstruction are directly dependent on how finely
spaced the tilt images are and over how wide an angular range they extend. Generally, this
consists of collecting images at 1-2° angular interval over an angular range of + 60-70° (figure 5
(a)). The tomographic image is then generated in a computer by back projecting each two
dimensional image with appropriate weighting (figure 5 (b and ¢)) [35]. This is possible because

the Fourier transform of a two dimensional projection of a three dimensional object is identical

10



to the corresponding central section of the three-dimensional transform of the object. This means
that the three-dimensional transform can therefore be built up plane by plane using transforms of
different projected view of the object. If sufficient data are available, the object can then be

reconstructed by Fourier inversion of the resulting three-dimensional transform [32], [36].

A electron beam

WY A é]
+70° Q‘

e N 1 s 5

Figure 5: Electron tomography. Two-dimensional transmission electron micrographs (projection
images) are recorded at different tilt angles for individual 3D objects. (A) The specimen holder is tilted
incrementally around an axis perpendicular to the electron beam, and projection images of the same
specimen area (field of view) are recorded on a CCD camera at each position. Tilt increments are typically
0.5° to 5° and the tilt range is about £70°. A more schematic diagram (B) illustrates the images projected by a
specimen at successive tilt angles. After translationally and rotationally aligning all of these projection
images, the imaged object is (C) reconstructed into a 3D density map (often called the tomogram) by a

weighted-backprojection procedure [37].
11



The tomogram is then represented by a three dimensional block of data that is represented
as an array of volume elements or voxels. These voxels are usually cubes 1-4 nm per side. Each
voxel has a grayscale value that corresponds to the mass density in that region of the specimen.
Since macromolecules are slightly denser than their aqueous solvent, they interact more strongly
than their background with electrons in the beam of the microscope due to electron scattering.
The resulting reconstruction can then be viewed in planes displayed as two-dimensional images
at selected values of the third dimension. Each image displays only one slice from the main that
comprises the reconstruction. The structure and position of complex features can be determined
by examining neighboring slices. In biological samples, representing them with graphic models
can facilitate the visualizing of complex structures. If the contrast in the resulting tomogram is
good and the background is sparse, boundaries around features of interest can be identified
automatically by choosing appropriate threshold values in the distribution of the three

dimensional density [35].

222 Cryo-ET

The methods of tomography can successfully be applied to cryogenically frozen samples.
However, there are a few problems when translating traditional tomography to cryogenically
frozen samples. The first problem is that the resulting images are very low contrast. This is due
to the small differences in mass density between clusters of macromolecules and the frozen
cytosol that surrounds them. It becomes hard to visualize the detail of cellular substructure. The
objective lens in the TEM can be underfocused in order to produce of a kind of phase contrast
that makes the cellular structures more distinguished from the rest of the cells [35]. A second

12



difficulty when performing cryo-ET is sensitivity of the sample to the electron beam. In
tomography, itis important to obtain as many images as possible from as many angles as
possible in order to produce the highest quality reconstruction. The problem is, with each image
there is an increase in electron dose, which can cause the ice in the sample to melt, and disrupt
the image [17]. In order to overcome this, the smallest dose is used, which leads to an increase in
noise found in the resulting images. Due to the noise and low contrast, the resolution of cryo-ET
images is currently in the region of 5-8 nm [35].

Another limitation in Cryo-ET is sample thickness. Currently, samples must be less than
0.5-1 pum. If the thickness of the sample exceeds the mean free path of electrons, multiple
inelastic scattering event begin to degrade the quality of the images, despite the use of higher
voltage (300-400 keV) [12]. Thus far, cryo-ET has been confined to isolated viruses [19-22],
small bacterial cells [10], [14], [23-25] and the very thin leading edge or appendages of

eukaryotic cells [14], [25].

2.3  THINNING BIOLOGICAL SPECIMENS

2.3.1 Previous Techniques

Previous techniques have been used to thin samples for use in the TEM. The first technique used
was to fix the sample chemically and then thinly slice the sample until it was electron transparent
[33], [38]. As stated above, this takes the sample out of its native state and is not an ideal method

for Cryo-EM and subsequent structural analysis [26]. The second most prevalent technique is

13



vitreous sectioning. This technique uses frozen hydrated specimens, which cannot be viewed in
the TEM when they are plunge frozen.

In vitreous sectioning, the TEM specimen is cut from a vitrified specimen at -160 C and
picked up dry from the knife-edge and examined in the TEM. The samples usually have a
thickness of 160-200 nm [39-43]. When using this technique, in the cytoplasm the ribosome are
less well defined than in published images of frozen hydrated thin sections [42].

Vitreous sectioning can also lead to many defects in the specimen. There are knife marks
that are parallel to the cutting direction. Knife marks are not always visible in the projection
image however they can be seen in the tomography slices. The depth of these defects is related to
the size of the defects on the knife and can also be caused by build-up on the knife during cutting
(figure 6, black arrows) [14]. Compression, or a shortening of the dimension of the section
parallel to the cutting direction with a corresponding increase in section thickness is also another
very prominent problem. Compression was found to typically be between 30 and 60% and the
thickness increase is between 1.4 and 2.5 fold (figure 6) [14]. The last type of defects associated
with vitreous sectioning is crevasses. This defect is unique to frozen hydrated section and is 20 to
30 nm wide elongated fissures perpendicular to the cutting direction (figure 6, white arrows).
Crevasses are only observed if sections are over 100 nm in thickness or if some crystalline ice is
present. The precise mechanism of formation is unknown and there is disagreement as to the

cause [14], [42], [43].
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Figure 6: Progressive reduction of crevasse formation with reduction in section thickness. (a—d)
Projection images of a 60-nm-thick section (a), 40-nm-thick section (b), 30-nm-thick section (c) and 20-nm-
thick section (d) of frozen-hydrated wild-type E. coli cells grown in LB medium. Black arrows point to knife

marks and white notched arrows to crevasses. All sections were obtained using a 25° cryo-diamond knife [14].

24  CURRENT STATE OF THE ART

2.4.1 FIB Slice-and-View

A dual beam (DB) focused ion beam (FIB) scanning electron microscope (SEM) uses a beam of

focused Ga+ ions to mill away parts of the sample leaving few defects and is usually used in

15



material science applications to make TEM samples or patterning silicon wafers (figure 7) [44].
The FIB can be used for site specific imaging of the interior of cellular and tissue specimens.
This can allow a spatial resolution an order of magnitude better than optical microscopy (0.1-1
um). This allows us to use a technique called “slice and view”, which is a technique based on
using a FIB to create a cut at a designated site in the specimen. The cuts are then followed by
viewing the newly generated surface with an SEM. The iteration of these two steps results in the
generation of a series of surface maps of the specimen at regularly spaced intervals, which can be
converted into a 3D map of the specimen (figure 8). This series of surface maps can then be
computationally assembled into a volume representation of the specimen [8]. This technique has
been used to explore the digestive gland epithelium cells of Porcellio scaber [4], atherosclerotic

tissue [5] and HIV infected macrophages [6].

\Vj

4

Figure 7:Schematic depicting the principle of FIB milling and SEM imaging in a dual beam electron
microscope. The ion source (red, left) and the electron source (blue, top) are arranged at an angle allowing
the ion beam (Ga+) to remove material from the surface of specimen (yellow) such that it can be imaged by
the scanning electron beam (e-). As a result, a trench is generated, thus enabling imaging of the interior of the
specimen. As shown, the exposed surface is parallel to the plane of the ion beam, and at an angle of 52 £ 2° to

the electron beam [8].
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Figure 8: 2D and 3D imaging of yeast cells by scanning electron microscopy. Scanning images of

cross- sections of plastic-embedded (A and B) and critical point-dried yeast cells (C and D) at low (A and C)
and high (B and D) magnification. Resin surface (A) and yeast pellet surface (B) were coated with platinum
(white) prior focused ion beam milling. The long white arrows point to the location of the nuclear membrane
in the budding yeast cells shown in (B and D), and the short white arrows point to the locations of the
vacuoles, which appear black in (A and B) and white in (C and D). (E) 3D visualization of critical point-dried
yeast cells was accomplished by iterative focused ion beam milling and scanning electron microscope
imaging: segmented rendering of 3D volume displaying cell wall (gray envelope), the vacuolar region (green),

and the nucleus (blue) of an individual, budding yeast cell. Scale bars: (A and C) 10 pm, (B) 2 pm, (D) 0.5 pm

8.

There are some drawbacks to using this technique. Firstly, there are filament and ridge
like artifacts, which are a consequence of nonuniform milling, the melting effect, redeposition of
the milled material on the surface and implantation of gallium ions. Secondly, the contrast visible
in the images recorded in critical point-dried and plastic embedded cells is from the distribution

of stain (osmium and uranyl acetate) rather than intrinsic contract of cellular material. It is easier

17



in these studies to look at the absence of material, such as in structures containing pores, than to
look for contrast in the cellular material [4].

The FIB slice and view technique can also be applied to samples that have been
cryogenically frozen. Marco has shown that vitrified specimens can be milled using a low
current beam (<50 pA) and still remain vitreous [44]. Frozen hydrated samples examined by
cryo-SEM demonstrate superior preservation compared with chemically fixed and dried
specimens because they retain all or most of their water, which allows the cells to be imaged
much closer to how they are observed in their native environment [7].

When doing a cryo-slice and view technique, the samples are rapidly frozen (usually
plunge frozen). Samples are then transferred to a cryo-preparation chamber where they can be
sputter coated with a conductive layer. They are then placed into the main FIB chamber, where
the milling and SEM imaging can take place, similar to the way itis done in plastic fixed
samples. In the cryo-slice and view samples there are very many contrast problems, more so then
in fixed samples. In figure 9(a and b), cryogenically frozen and milled samples can be seen to
have significantly less contrast then those that have been stained and fixed (figure 8). One
approach to solve the contrast problems is to locally sublime the ice present at the surface
transiently raising the temperature of the specimen. This enhances the contrast leading to a
sharpening of membrane features (figure 9(c and d)). The most noticeable artifact from milling is
streaks appearing on the specimen surface along the milling direction. These artifacts vary from
specimen to specimen, suggesting that specimen preparation and composition may influence the
behavior. Metal deposition can be used, however it is difficult to achieve at cryogenic
temperatures since the organo platinum compound condenses ont he sample prior to

decomposition by the ion beam [8], [7].
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Figure 9: Scanning electron microscope images of yeast cells plunge-frozen in liquid nitrogen and

imaged at —140°C. (A-C) Surface images generated by focused ion beam milling depicting progression in the
sublimation process initiated by transiently raising the specimen temperature; (D) view of the crosssection of
an individual yeast cell exposed by focused ion beam milling and contrasted by sublimation and coating with
platinum and palladium. Arrow points to the location of a pore in the nuclear membrane. (E) Scanning
electron microscope image of freeze-fractured, platinum-palladium coated yeast cells. Arrow indicates

location of nuclear pore. Scale bars: 2 pm [8].

In our research, we set out to try to perform a slice and view technique on E. coli cells
embedded in a plastic resin. We aimed to reconstruct a 3D representation of the E. coli cells
during their life cycles after expressing a viral protein encoded by a gene called the “E Gene”.

By adding the chemical, IGA we induced the E gene expression. This gene expression causes the
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bacterial cells to lyse. After the cells lyse there is only the outer cellular wall left. These shells
collapse in on themselves and make 3D imaging very difficult. Using slice and view, we are able
to keep the cells in the resin and give them some stability. By looking at the cells at different
points after the E gene expression has been induced, we hope to get a good idea of what happens

structurally when the cells lyses.

2.4.2 Cryo-FIB Milling

Recently, it has been shown that a focused ion beam (FIB) can be used to thin biological samples
[45], [46]. It has been shown that using a FIB to mill away ice at cryogenic temperatures and low
current (<50 pA) does not cause the sample to devitrify, which is very important in this
technique, because devitrification will disrupt the structure of the cell [47]. Biological cells
embedded in the ice can also be milled using the FIB under cryogenic temperatures. So far, it has
been shown that yeast [46] and E. coli cells can be milled for use in tomography [45]. In these
studies, a TEM grid with cells plunge frozen in suspension were loaded into the FIB, where they
were milled at low currents and glancing angles to create very thin specimens that are electron
transparent. Figure 10 shows a schematic of possible milling techniques to create cryo-TEM
specimens. There have still been some reported problems concerning contamination and frost, as
well as ice that is not optimum for milling [45], [46]. Also, thus far larger cells have yet to be

examined using a cryo-FIB.
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Figure 10: Illustration of possible FIB-milling strategies for vitrified cellular samples. The frozen cell
is attached to the carbon support film of an EM grid and embedded in a vitreous ice layer. A thin layer
(delineated by the dashed line) represents the specimen thickness appropriate for cryo-electron tomography
(<500 nm). (a) Parallel milling: the incident angle of the ion beam is parallel to the EM grid surface. This
approach usually involves halving a frozen grid and is demanding, as subsequent transfers with the weakened
grid half are necessary. (b) Wedge-shaped milling: the ion beam impinges on the frozen specimen at oblique
or ‘grazing’ angles. This approach is the most feasible approach demonstrated thus far, as it can be
performed without physically cutting the EM grid. (c) Cryo-lamella preparation: the frozen specimen is
milled to expose a thin lamella, thereby preserving cellular features along the z-axis but necessitating physical
removal and re-orientation of the lamella for TEM. At present a lift-out option for cryogenic lamella

preparations is not available [45].

In this research, we started by testing our equipment and techniques on E. coli cells
before moving on to larger HeLa cells. In the following sections, we compare and contrast the

difficulties of milling large mammalian cells as opposed to small bacterial cells.
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3.0 EXPERIMENTAL METHODS

3.1 FIB SLICE AND VIEW

3.1.1 Cell preparation for FIB slice and view

The E. coli cells used for this experiment were engineered to express a viral protein encoded by a
gene called the E gene. This gene causes the bacterial cell membranes to lyse and leads to cell
death. The gene was carried in a plasmid and under tight control. Adding the chemical, IGA, to
the bacterial cells, induced the E gene expression. A number of samples were created at different
time points after the E gene was induced in order to observe the state of the cells all along the
cycle.

The initial sample preparation was performed in the Structural Biology department at the
University of Pittsburgh, School of Medicine. Previously frozen samples were warmed up from
-196°C to -90°C in precooled (-90°C) 1% 0OsO4 (EMS) and 0.1% Uranyl Acetate mixture
dissolved in acetone to stain the cells. Substitution of the cells took three days at -90 °C with a
brief daily agitation for each sample. The samples were then gradually warmed up to room
temperature over a time span of 18 hours and subsequently rinsed in acetone for further resin
infiltration. Generally the samples were fixed in a solution of 2.5% glutaraldehyde in 0.1 M PBS.

A 1% OsO4 solution with 0.1% potassium ferricyanide was used to post-fix the samples. The
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samples were rinsed in PBS, and dehydrated through a graded series of ethanol steps and then
finally embedded in Epon.

The resin blocks were formed in a pyramidal cone shape, with the cell pellets located in
the tip. The area where the cells were located was flattened using a diamond knife, so that the
imaging area was flat when put into the FIB. The samples were then coated with a thin layer of
palladium approximately 2um thick to ensure good electron conduction in the FIB. The blocks

were then attached to an SEM stub using carbon tape and silver paint.

3.1.2 FIB slice and view milling

The sample was then loaded into the Seiko Instruments SMI3050SE FIB-SEM with
Oxford Instruments Inca XEDS (figure 11(b)). Once the sample was in the FIB, Tungsten was
deposited in a 75x75x1 um square on top of the resin in the approximate area containing the E.
coli cells using a current of 15.3 nA. This deposition smoothed the surface of the resin so that the
mill surface was as smooth as possible in order to ensure a good SEM image of the mill face.
Next, a sloping cut of 80x100x8 um was made leading up to the deposited square as seen in
figure 11 using a large beam size of 7.6 nA. This creates the trench that allows us to use the SEM
to view the interior of the sample where the cells have been embedded. Then, a series of thin,
fine slices are made using a lower dose beam with a current of .74 nA in order to ensure that the
face of the viewable area is nice and smooth. After each slice, an SEM image was taken of the
surface. After a thickness of approximately 2um has been milled and the images have been

taken, they can then be put into a computer program that can reconstruct the cell volumes.
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Figure 11: FIB slice and view. (a) Schematic of the placement of the individual mills for the slice and
view technique. The tungsten deposition is placed at the top and then a slope cut is done leading up to the
deposition. The fine slices are then made at the interface between the large cut and the tungsten deposition.
(b) Seico FIB system located at the University of Pittsburgh Nanoscale Fabrication and Characterization

Facility (NFCF).

3.2 CRYO-EM

3.2.1 Cell preparation for cryo-FIB/TEM

The initial sample preparation was carried out in the Structural Biology Department of the
University of Pittsburgh School of Medicine. Wild-type K12 E. coli cells were grown in LB
broth (10 % tryptone, 5 % yeast extract and 10 % NaCl). Starter cultures were grown overnight
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at 34°C with 280 rpm shaking to an approximate optical density of 2.0 at 600 nm. Overnight
cultures were diluted 1/40 into the same media and allowed to grow to an optical density of 0.5-
0.6 at 600 nm. E. coli cells (3-5 pl) were withdrawn directly from cultures, mixed with 15 nm
gold beads (2 pl), and placed on R 2/2 Quantifoil grids (Micro Tools GmbH, Germany). The
grids were manually blotted from the back side of the grid with a filter paper and plunge-frozen
in liquid ethane using a home-made manual gravity plunger. The frozen grids were loaded onto
the modified Polara cartridges (FEI, Hillsboro, OR) with cell side facing up and stored in liquid
nitrogen for future use.

HeLa cells were cultured at 37 °C with 5 % CO2 in DMEM containing 4.5 g/L L-
glutamine and glucose (Lonza Group Ltd, Basel, Switzerland), 10% heat inactivated fetal calf
serum, 100 units/ml penicillin, and 100 pg/ml streptomycin (Invitrogen Corporation, Carlsbad,
CA). Cultures at ~ 80 % confluence were routinely split 1:5 in 60 mm culture dishes. Cells were
centrifuged at 1000x g and plated onto the gold R2/2 Quantifoil finder EM grids (Quantifoil
Micro Tools GmbH, Jena, Germany) at a density of 2 x 104 cells/ml (total 2 ml culture) in glass-
bottom culture dishes (MatTek Corporation, Ashland, MA). The gold EM grids were disinfected
under UV light for 2 hours and coated with 50 pg/ml fibronectin (Sigma) before use. DIC images
of cultured HeLa cells were recorded with an Olympus IX71 microscope using a 20x objective
lens before plunge-freezing. 15 nm gold beads (4ul) were applied to the cell culture on EM grids,
blotted with filter papers, and plunged into liquid ethane for rapid vitrification using an FEI
Vitrobot (FEIL, Hillsboro, OR). The frozen grids were loaded onto the modified Polara cartridges

with cell side facing up and stored in liquid nitrogen for future use.
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3.2.2 Cryo-FIB Milling

It is important to keep the samples under liquid nitrogen at all times. If the samples come to a
temperature above approximately -150°C, the ice begins to devitrify. In order to keep the
samples below this temperature, we kept the samples under liquid nitrogen during transport from
the initial freezing and into the FIB and then during transport from the FIB and into the TEM. As
long as the samples are kept at liquid nitrogen temperatures, they can last indefinitely.

For FIB milling, an FEI Quanta 200 3D DualBeam FIB/SEM (FEI Corp., OR) (figure
12(b)) equipped with a Quorum Polarprep 200T Cryo-Transfer Station (figure 12(a)) and a
Quorum PP7465 Dual Slusher System (Quorum Technologies Ltd, East Sussex, UK) was used.
A specialized shutter was designed by the University of Pittsburgh School of Medicine Machine
Shop (figure 13(a-c)) for use onthe cold stage of the Quorum PolarPrep. There are many
advantages to using this shuttle design. Since the Polara TEM requires the use of cartridges in
the loading mechanism instead of just electron microscopy grids, we are able to design the
shuttle to accept the cartridge too. This means that the grid is only handled during the initial
loading of the grid into the cartridge and reduces the contamination and damage problems

usually associated with loading and unloading an EM grid.
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Figure 12: Cryo-FIB loading and milling equipment. (a) The Quorum PolarPRep 200T Cryo
Transfer Station The blue arrow indicates the slusher and the red arrow indicates the transfer arm. (b) The

FEI Quanta 200 3D DualBeam FIB/SEM, both located at Penn State University Materials Research Institute

Figure 13: Cryo-FIB milling shuttle. (a) Shuttle designed to accept Polara TEM cartridges and fit
into the Quanta 200 3D Dual Beam system. (b) Polara cartridge inserted into specialized shuttle. (c) Shutter

used to reduce contamination and frost protecting the Polara cartridge.

The design of the shuttle also keeps the grids in the same orientation from FIB to the
TEM. The axis from the FIB to the TEM is rotated 90° clockwise and is shown in figure 14 (b
and c). This allows for easier acquisition of the tomography tilt series. The rotation also makes

finding the mills in the TEM much easier. Another important advantage of using this shuttle
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design is that the shuttle is also designed with a shutter mechanism that protects the grid from
contamination during transfer into and out of the DB as seen in figure 12 (b and c), which
eliminates a very large problem found in cryo-FIB milling. Another very important factor in
cryo-FIB milling is the milling angle. The smaller the angle between the sample and the FIB
beam, the thinner the sample and the more useable area for tomography (discussed more in depth
in the following sections). The Polara cartridge itself was also modified slightly with small
channels cut into the sides to allow for shallower milling angles and can be seen in figure 14 (a)

compared to the standard Polara cartridge.
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Figure 14: Milling equipment and milling orientations. (a) Comparison of the regular Polara
cartridge (left) and specialized cartridge with channels to allow for lower milling angle. (b) SEM image of a
mill, showing the x and y axis in the SEM (white) and TEM (black), the red arrow indicates milling direction.
(c) TEM image of a mill, also showing the x and y axis of the SEM (white) and TEM (black), the red arrow

indicates milling direction. Note the rotation of 90° between the TEM and SEM images.

The frozen EM grids are loaded into Polara cartridges and then loaded onto the shuttle
while immersed in liquid nitrogen. The shuttle is loaded into the polar prep transfer station and
kept under liquid nitrogen. It is important to use coated Styrofoam cups in the transfer station
because the holes in regular Styrofoam allow air to enter the liquid nitrogen and condense, which

causes contamination in the liquid nitrogen, which can then be transferred to the sample. Then
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the transfer station (figure 12 (a), blue arrow) is pumped down until the liquid nitrogen is slushed
and the shuttle is retracted into the transfer arm (figure 12 (a), red arrow) and a small seal is
formed to protect the sample during transfer to the FIB prep chamber.

The transfer arm is attached to the prep gate valve and pumped down before insertion
into the prep chamber. The sample is not in contact with liquid nitrogen for approximately 30
seconds while the valve is pumped down. The seal that was formed in the transfer station helps
protect the sample from devitrification during this time. Inside the prep chamber is a small cryo
stage kept at approximately -180° C. After the shuttle is successfully transferred, the prep
chamber is pumped down to 10™* mbar and then the gate valve between the prep chamber and
main FIB chamber is opened and the shuttle is transferred to the cold stage.

The dual beam contains both a FIB and SEM column that are focused at the same point
on the sample but 52° apart as shown in figure 15 (a and b). The sample is then tilted to
approximately 10° with respect to the axis of the FIB column. It is important that this angle is as
small as possible because the smaller this milling angle, the larger the available viewing area in
the TEM, as shown in figure 15 (b). Also, a smaller angle will produce a thinner sample area,
which is ideal for tomography. However, the sample must still be viewable in the FIB, so that the

milling area can be selected and to ensure that the beam is not blocked by the sample.
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Figure 15: Cryo-FIB sample and milling schematic. (a) Setup of the dual beam system. (b)
Magnification of the red circle indicated in figure (a). The blue arrows indicate the FIB beam and the red

area indicates the useable area for TEM imaging, the smaller the milling angle, the larger the useable area.

After the sample has been properly situated with respect to the FIB and the SEM, milling
begins. A milling current of 10-30 pA was used depending on the specimen thickness and an
accelerating voltage of 30kV . Thinner samples, such as E. coli milled much faster
(approximately 30 seconds to a minute) and therefore only needed a current of 10 pA. The larger
specimens, like HelLa cells, required a higher current of 30 pA and a longer time of about 20
minutes per mill due to their increased thickness. The milled area was approximately 1 x 5 um,
which allows for a focusing and tracking region in the TEM. As stated above, the milling angle
was approximately 9-12° to ensure a thin sample. The SEM images were obtained using an

accelerating voltage of 10 kV and 0.45 nA current.
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3.2.3 Cryo-TEM and Cryo-ET

After cryo-FIB processing, EM cartridges were stored in liquid nitrogen before they were
examined by cryo-EM with an FEI Polara G3 (FEI Corp., OR.) (figure 16) TEM equipped with a
field emission gun and a Gatan 4K x 4K CCD camera (Gatan, Inc., Warrendale, PA). The FIB-
milled regions were first located in low magnification (170 x) EM projection images. Low dose
(20 ¢/A?) projection images of the identified regions of interest were recorded on a CCD camera
at a nominal magnification of 50,000x and under-focus values ranging 2-4 um. For cryo-ET, a
series of low dose projection images of the milled regions were recorded at tilt angles ranging
from ~70° to 70°, depending on the topography of the sample, at a nominal magnification of
39,000x (pixel size=0.31nm), with an under-focus value of 10 um. The electron dose per frame
was kept under 2 ¢/A?, with a total dose of about 110 ¢/ A%, Tilt series were aligned using 15 nm

gold fiducial beads and refined to standard deviations below 0.8.
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Figure 16: FEI Polara TEM located in the structural biology department, University of Pittsburgh

3.2.4 Tomogram Reconstruction

A weighted back-projection algorithm, as implemented in the IMOD reconstruction package
[48], was used to convert the information present in the series of tilted projection images into 3D
density maps (tomograms). The tilt series was aligned using the gold fiducial markers in the E.
coli samples. In the HeLa samples, there were not enough gold markers present to be able to
track the samples. In this case, manual aligning was used to align the tilt series. Diffusion and
low pass Fourier filters were also applied in the final reconstruction in order to increase contrast

and define features.
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The images needed to be compressed after the initial reconstruction because the files
were very large and the computers could not handle the file sizes. The 3D tomographic volumes
were visualized and segmented in the environment of the program Amira (TGS Inc., San Diego,
Calif.). The segmentation was done by hand, using the paintbrush selection tool in order to be
sure the correct features were being highlighted. The selections were then entered into the
program and the new surfaces were generated and colored according to what features they

represented.
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40 RESULTS AND DISCUSSION

41  FIBSLICE AND VIEW

4.1.1 Milling Results

We were able to perform the sloping cut up to the face of where the bacteria cells were located. It
can be seen in figure 17 that the cells were exposed after doing the slope cut and then performing
a fine cut using a lower dose beam to “polish” the surface. The E. coli cells are visible in a high
magnification image located in the inset image in figure 17 and the cell structure can be seen in a

decent amount of detail and with some contrast, including the double walled structure of the E.

coli cells.

Figure 17: FIB slice and view overview. The red box indicates an area that is blown up in the inset

image. The cells pictures in the inset can be seen with good detail and contrast.
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We were also able to obtain a series of slices of each of the 5-minute (progression shown
in figure 18) and 25 minute samples (progression shown in figure 19). The slices were
approximately 7.5 nm thick; the images shown in figures 19 and 20 are from every fourth mill,
meaning the slices are approximately 30 nm apart. It can be seen in figure 18 and 19, as we
progress through the sample that cells appear to grow or shrink, which indicates that we
successfully progressed through the sample. In the 5-minute sample, we are also able to see the
double walled structure of the bacteria cells, which means the resolution is good. One problem
we encountered in this sample was the prevalence of streaking on the surface of the imaging
area. This streaking appears to be getting worse as the mills progress through the sample.
Another problem was that after most mills, the sample needed to be refocused and the contrast
and brightness adjusted. The contrast and brightness was not a large problem in this sample, but
the focusing requires at least a small area that will be exposed to more damage than the rest of
the surface. This refocusing left a small square on the left side that appears to be raised up from

the rest of the sample. These artifacts can interfere with the computer reconstruction.
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Figure 18: Slices from 5-minute sample. Each image is four slices apart, which is approximately 40
nm. As the slices progress through the cell, the streaking on the bottom half of the image can be seen getting
worse. The red arrow indicates the square on the left side of the images caused by the refocusing required

after most slices.

In the 25-minute sample (figure 19), we can see the lysed cell walls, which appear as

empty cells, as well as cells that are still intact. In this sample, we did have trouble getting the
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contrast and brightness correct, so they sometimes changed from image to image, with some
images having parts that are very bright, while others are very dark. There were also problems in
this sample with streaking disrupting the image, as well as portions of the face that are not
completely milled. Another problem we had with this sample was stage drift. The sample was
slowly moving to the right during the milling process. It was necessary to reposition the sample
after every few mills in order to ensure that the cells we are imaging are present in every slice.
This increases the number of times the images had to be refocused and the brightness and

contrast adjusted, which adds more time to the process.
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Figure 19: 25-minute sample. Each image is four slices apart, which is approximately 40 nm. In this

sample, there were many drifting problems, so the sample had to be repositioned after every few slices. The
difference in position can be seen in the sequence of images. This sample also had some focusing and contrast

issues, which distorts the final images.
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4.1.2 Discussion

Even though we were able to get good images from a few of the slices, we ran into many
problems when trying to carry out these experiments. This problems included, stage drift,
streaking, and time constraints. We tried to fix these problems using multiple solutions.

There was a lot of stage drift apparent in the FIB between subsequent slices. It was
necessary to reposition the sample after a few slices so that we could keep the same cells
viewable throughout the entire milling process. We could not find a good solution to this
problem beyond manually repositioning the stage after a few slices. This increased the time and
required additional focusing, which increased damage on the sample. In figure 18, a small square
can be seen on the left of the image. This is where the fine focusing was performed and left
artifacts. This artifact can interfere with the 3D reconstruction and cause artifacts to be present in
the reconstruction that interfere with the structure of the cells.

Another problem found when trying to make thin slices, the samples exhibited a lot of
streaking, which is a big problem when trying to perform FIB slice and view. These streaks can
also cause problems when the computer program tries to reconstruct the image because the
computer cannot accurately track the cells through the sample, as well as creating artifacts that
obscure the final reconstruction. To combat the streaking issue, we tried using a thicker
deposition of tungsten on the surface of the sample; however, this increased the time required for
a single mill to 3 minutes and reduced the thickness of each mill. Coupled with the fact that each
reconstruction must be comprised of many slices, the time required to mill each sample became
very large.

The FIB located in the University of Pittsburgh, NFCF does not have an automated

setting, and so a user is required to sit with the specimens during the entire procedure. The
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samples shown in figures 18 and 19 are each from a single eight-hour session. For a successful
reconstruction, the mills must span a 2-3pm thickness (large enough to capture an entire cell both
length and width). Each mill is approximately 5-7nm, with each slice taking 2-3 minutes to
complete. This means that each sample requires a total milling time of approximately 22 hours,
not including time for refocusing or brightness and contrast changes. This time will also increase
as the thickness of the deposition layer increases due to increased milling time and thinner slices.
The sample cannot be taken out in the middle of a run either because it is very difficult to realign
the specimen once milling has begun. Also the exposed surface becomes dirty when exposed to
air and needs to be polished with a fine beam before milling can resume. This will remove extra
material and the spacing on the reconstruction will be incorrect.

In the end, this method of 3D reconstruction was abandoned because we were not able to
come up with a method that created a streak free surface that did not require very large amounts
of time. We did not move on to cryogenically frozen samples after working at room temperature,
because the contrast is much lower in cryogenically frozen samples, and the streaking can be a
bigger problem [8]. Also, the amount of time required to mill the specimens was very large. If
we were to continue working with cryogenically frozen specimens, we would have to use an
even lower milling current, which would increase the time for each slice even more. Therefore,
we did not even attempt to try this technique with vitreous specimens. It was much more
advantageous to move on to using cryo-FIB techniques to create TEM samples for cryo-ET and

were much more successful in creating viable samples.
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42 CRYO-EM

4.2.1 Design and Construction of the Cryo-FIB shuttle

Our goal is to obtain detailed, internal, 3D architectures of native cells, large mammalian
cells in particular, at molecular resolution, using cryo-electron tomography (cryo-ET). Cryo-ET
requires the specimen thickness to be less than 300 - 500 nm, since the apparent specimen
thickness increases considerably during the acquisition of a tilted projection series. Previous
efforts to use cryo-FIB to reduce bacterial cell thickness to ad egree suitable for cryo-ET
demonstrated its feasibility [45], [46]. To advance this technology for investigating the internal
structure of larger cells and to improve the cryo-FIB process for efficient and easy use, we
designed and constructed a cryo-FIB shuttle (figure 20) that directly accepts a cryo-EM
specimen cartridge for subsequent 3D structural analysis without the need for transferring the
EM grid, eliminating specimen deformation and damage produced during transfer. This
integrated feature greatly enhances the performance of cryo-ET, since successful cryo-ET data
acquisition critically depends on the flatness and integrity of the grid. The cryo-shuttle design is
shown in detail in figure 11 and includes several important features: The specimen cartridge is
recessed into the dove-tailed, copper FIB/SEM shuttle to ensure low specimen temperatures (-
175°C to -185°C). It also includes a shutter mechanism that protects the grid from frost
contamination during transfer into and out of a FIB/SEM system (Figure 13 (b and c) open or
closed), and the specimen cartridge features cut-outs on both edges (Figure 14 (a)), allowing for

shallow milling angles (10°) and a high angular tilting range (+ 76°) for tomography.
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Figure 20: Autocad drawing of the cryo-FIB shuttle as viewed from top (left) and side (right).
Dimensions are marked in inches. The block face where the cartridge sits is at 45°. The specimen shutter
(closed) is depicted in pink in the side view. (D) Schematic of the FIB and SEM beam set up in the DualBeam
system. The angle between the SEM and FIB beams is 52°. The cryo-FIB shuttle was designed to allow a very

shallow milling angle (10°).

Taken together, our unique shuttle design has a number of advances: 1) It allows very
shallow milling angles (10°) for generating large “transparent” sample areas for cryo-ET analysis
[45]; 2) It has a built-in specimen shutter to protect the specimen and minimize ice
contamination, resulting in near-frost-free transfer; 3) It includes an integrated specimen holder
for stable specimen support, affording sequential FIB milling and cryo-ET to be performed on
the same holder without sample transfer, thus, eliminating deformations of the fragile sample
grid induced by gripping or clamping during grid transfer; 4) It maintains the grid in a fixed
orientation in both cryo-FIB and cryo-ET; therefore, the FIB milling direction coincides with the
tomographic specimen tilting direction, allowing for a perfect match of the FIB-thinned area with
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the tomography imaging area during specimen tilting. Such a design makes 3D structural
analysis of cryo-FIB processed specimens much more proficient and reproducible; 5) Most
importantly, it allows for production of freely-suspended cell lamella: by applying two
consecutive mills, either parallel or anti-parallel, one can create a specimen slab on the EM grid
that is ready for cryo-ET analysis without the need for cryo-FIB “lift-out”. Such a FIB milling
approach for specimen slabs is useful not only for biological specimens but also in the field of
materials science, since it eliminates the difficulties associated with the FIB “lift-out” procedure

and with specimen transfer across sample processing and imaging platforms.

4.2.2 lce Quality

The quality of the ice is very important in the final condition of the samples. The ice needs to
stay vitreous throughout the milling and TEM processes in order for the samples to be viable for
TEM and tomography. In cryogenic samples, crystalline ice can disrupt imaging of the fine
structure of the cells. In our experiments, we observed three different types of "bad ice". Each

type can indicate where in the process the sample came above temperature.

4.2.2.1 Granular Ice

The first type of bad ice we observed was granular ice, which is characterized by small grains of
ice as seen in figure 12. This happens when the sample comes close to the devitrification
temperature but does not rise above it significantly or for a significant amount of time. Many
times this can be caused by removing the sample from the liquid nitrogen for only a few minutes.
This type of bad ice can be the most difficult to diagnose. Many times the sample was only in the

devitrification zone for a few seconds before this ice formed. This happens when the sample

43



temperature was not monitored closely enough and the temperature raised a few degrees for a

few seconds.

Figure 21: Granular ice, characterized by small grains of devitrified ice.

4.2.2.2 Devitrified Ice

The second type of bad ice is completely devitrified ice. This occurs when the sample has been
above the devitrification temperature for a significant amount of time, usually a few minutes.
These samples are characterized by large ice crystals that run into each other and can be seen to
disrupt the structure of the target cells as shown in figure 22. We mainly observed this ice when

there was a problem with the loading process.

44



Figure 22: Devitrified ice, characterized by large ice crystals that distort the internal structure of the

cell.

4.2.2.3 Directional Ice

Another possible type of ice that is caused by bad freezing is directional ice. The ice appears to
have grown in a directional manner as shown in figure 23. This ice is caused by incomplete
initial freezing, as evidenced by the directional freezing patterns. This ice indicates that the
samples were not frozen quickly enough to give the ice an amorphous structure during the

plunge freezing process and directional ice was able to grow.
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Figure 23: Directional ice, characterized by ice that appears to grow in a certain direction, due to

imcomplete freezing during the plunge freezing process.

4.2.2.4 Good Ice

Good ice is shown in figure 24. The ice appears to be completely gray and smooth. There is no
evidence of any type of structure or crystal. This is the ideal ice for TEM and tomography
because there are no ice crystals disrupting the structure of the cells. We found that in order to
keep the ice devitrified, it was important to keep the FIB as cold as possible during the entire
process. For our system, we were able to keep the FIB below -183°C for the entire process.
Keeping the samples as cold as possible (most times significantly below the devitrification
temperature) gives the sample a buffer in which the sample can be transported between the FIB

and liquid nitrogen without too much of an increase in temperature.
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Figure 24: Good ice, characterized by having no defects or crystallinity apparent.

4.2.2.5 Milling Artifacts

In some of the milled samples, there are some artifacts present after the milling. The artifacts
appear as small gray spots in the ice, which appear to have a regularity and pattern (figure 25 (b),
white arrow). In what appears to be inside of the cells, these artifacts look like larger gray
“blobs” (figure 25(b), black arrow). In figure 25(b and c) it can also be seen that the artifacts are
only present in milled areas (figure 25(b), black and white arrows) and not present in unmilled
sections (figure 25(c)). These artifacts could be due to milled material redepositing back on the
milled surface. We know these artifacts are present only on the surface of the milled specimens
because after tomography reconstruction, they are only present onthe surface slices of the
reconstruction. The artifacts are not present in all samples, and in general the quality of the

milled regions of the E. coli cells was very good.
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Figure 25: Milling artifacts. (a) Overview of the milled region taken in the TEM. (b) The milled
region indicated on image (a), the white arrow indicates the milling artifacts outside of the cell that appear to
have some regularity, the black arrow indicates the ""blob” like artifacts. (¢) The unmilled region indicated on

image (a). The dark black spots on the images are gold fiducial markers used for alignment.

4.2.3 E.Coli

The E. coli samples were initially used to determine the feasibility of our technique and as a
baseline to compare milling of smaller cells, which has been performed before, to the milling of
larger HeLa cells, which is the motivation for this research.

We first tested the performance of our cryo-FIB shuttle using plunge-frozen bacterial
cells. Fresh E. coli cells growing in the log phase (OD at 600 nm was ~0.6) were directly applied
to the EM grid and plunge-frozen. The cryo-EM grids with frozen-hydrated cells were loaded
into specimen cartridges, which were then mounted into the cryo-shuttle and imaged in the
FIB/SEM system using the scanning electron beam and a secondary electron detector. The SEM
images recorded with a beam current of 0.45 nA showed discernable E. coli cells before and after
cryo-FIB milling (figure 26(a-c)), even without a platinum protection layer as previously

required [45]. The good contrast made identification and milling of E. coli cells relatively easy
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and efficient, resulting in high yields (>80%). Depending on the density of E. coli cells on the
EM grid, typically 10-20 areas of interest could be selected for milling within a single grid
square. Using a 30 keV, focused, gallium ion beam at an incident angle of 10°, with a relatively
low ion current of 10 pA (dose rate 0.67 ions/nm2/sec), a thin (~400 nm), slightly wedge-shaped
area, exposing E. coli cellular volume (figure 26(d and e)), was produced for cryo-ET in less
than 1 minute of processing time. Under such low beam current conditions, the sample remained
in its vitreous state after FIB milling, as indicated by the characteristic amorphous ice diffraction
patterns recorded from the milled area (data not shown). The bacteria cell selected for

subsequent tomographic analysis is indicated by white arrows in figure 26(a-d).
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Figure 26: Cryo FIB milling of E. Coli samples. (a) Unmilled SEM micrograph, the white arrow
indicates the area of interest. (b) Milled SEM micrograph taken at medium magnification. (c) High
magnification image of the area shown in (b). (d) Medium magnification, low dose, TEM projection image of
the same area shown in (c). (e) High magnification, low dose, TEM projection image of the area indicated in
(d) by the white arrow. (f) A density profile of the bacterial envelope scanned from the outer membrane
(rectangular box in (e)) reveals the inner and outer membranes of the E. coli cell separated by ~33nm. The

red arrows indicate milling direction.

The low dose projection image of the selected E. coli cell (figure 26(e)) indicates a
successful thinning process with little specimen damage or ice contamination. The cell

membranes are well preserved with recognizable bilayer structures in the outer and inner
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membranes (figure 26(e and f)). The reconstructed tomographic volume clearly shows that the
top half of a single bacterium was trimmed away cleanly, leaving about 360 nm thick bottom
half of the cell, as measured in the 3D volume (figure 27(g and h)). The tomogram exhibits no
obvious structural damage or loss of detail in the uppermost slices of the remaining bacterium
(figure 27(g and h)). The fine detailed 3D structure suggests that the effect of implanted Ga+
ions on the frozen bacterial cell is negligible, confirming early simulation results [49]. The
tomogram also reveals numerous structural features, in particular, putative ribosome molecules
(figure 27(a), arrowhead) and membrane invaginations (figure 27(a and c¢)). The cytoplasmic
membrane forms a continuous contour that curves into both periplasmic and cytoplasmic spaces
(figure 27(a and c) black arrows), representing a new structural feature that has not been reported

previously [46], [50], [51].
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Figure 27: Tomographic reconstruction of a FIB-milled E. coli cell. (a) Three orthogonal slices

(0.62nm thick) from the tomogram at the cell pole are shown with small membrane invaginations (arrows)
and putative ribosomes (arrowheads). A cross-section along the white dashed line indicated in (a) is shown in
(b). FIB milling surface is indicated by a blue dashed line. (c) Surface-rendered model of E. coli envelope

displaying membrane invaginations into both the cytoplasmic and periplasmic spaces.

424 HelLa

Building upon our knowledge gained from the cryo-FIB milling of bacterial cells, we set out to
process HeLa cells for cryo-ET analysis of their internal structures. There are several challenges
in working with large and thick cells, as recognized previously [45], and, so far, no 3D structures
from mammalian cells have been obtained using cryo-FIB approaches [45], [46]. The main
challenge is the removal of sizeable volumes with a very low beam current (10 pA), required to
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best preserve the structure but at the expense of increased milling time, which can take hours.
We tested different milling conditions and optimized milling strategies for HeLa cells to acquire
thin cellular wedges suitable for cryo-ET analysis. Using a 30 keV, 30 pA ion beam current at a
10° milling angle, a 5 x 10 pm wedge-shaped intracellular area (~20 um from the edge of the
cell) with a ~5 x 3 um transparent region (figure 28(a-c)) was made in 30 minutes. The samples
still exhibited some milling artifacts (figure 28(d), black arrows), however, they are not as
prevalent as they are in some of the E. coli samples. We can observe in these samples in the 2D
high magnification projection images many of the cell features, such as vesicles (figure 28(d),

blue arrow) and mitochondria (figure 28(d), white arrow).
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Figure 28: HeLa cell milling. (a) Medium magnification SEM micrograph of a milling area. The
black arrow indicates the mill of interest. (b) High magnification SEM micrograph of a mill. (¢) Medium
magnification, low dose TEM projection image of the area noted in (b) by the black arrow. (d) High
magnification, low dose, TEM projection image of the area noted in (c) by the black arrow showing cell
features, such as vesicles (blue arrow) and mitochondria (white arrow), as well as some artifacts (black

arrows). The red arrows indicate milling direction.

The 3D tomograms recorded from the milled region show high quality cellular
ultrastructure with great detail (figure 29(a and b)). The thickness of this region, measured from
the tomogram, is ~200 nm. Several structural features are clearly visible, including well-resolved
mitochondrial membranes and cristae (Figure 29(a), black arrows), vesicles, actin filaments
(figure 29(a), white arrow), and many individual protein complexes (figure 29(a), circles). The
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cross-section of the 3D volume (figure 29(a)) clearly shows that half of the mitochondria were
cleanly cut off without any noticeable damage on the very top of the milling surface. Overall,
there was little frost contamination (figure 28, figure 26), suggesting that the samples were very
well protected by the shutter mechanism in the cryo-FIB shuttle during transfer. Similar to the
processing of E. coli cells, some milled material was deposited onto the freshly milled surface of

the HeLa cell (figure 29(a), yellow arrows).

e
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Figure 29: Tomographic reconstruction of a FIB-milled HeLa cell. (a) Three orthogonal slices
(0.62nm thick) from the tomogram are shown with clear mitochondrial membranes and cristae (black
arrows). The milled surface is indicated by a blue dashed line. (b) Surface-rendered model of mitochondrial
membranes and vesicles in a HeLa cell. Protein complex particles (red circles in (a)) and actin filaments

(white arrow in b) are clearly visible. Yellow arrows indicate contamination.

An additional challenge associated with milling of large cells is that, unlike the bacterial

cells, frozen-hydrated HeLa cells are difficult to distinguish from the ice background in SEM
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images, thus, identifying an area of interest is not easy. In figure 30, a comparison of E. coli cell
and HeLa cells is shown. It can be seen that the E. coli (figure 30(a)) cells are easily

distinguishable from the surrounding ice. The HeLa cells (figure 30(b)) are not as easily

distinguishable and lack definition.

Figure 30: Comparison of E. coli and HelLa cell grid squares. (a) E. coli grid square with an E. coli
cell indicated with a white arrow. The cells have definition and can clearly be distinguished from the
surrounding ice. (b) HelLa cell grid square. The cells lack definition and the exact outline of the cells are not

easily discernable.

To combat this problem, we used an approach developed in a previous correlative study
[52] for selection of the target milling area. HeLa cells were cultured on EM finder grids and
optical images of these were first recorded before plunge-freezing. Guided by the light
microscopy images (figure 31), suitable HeLa cells were then identified and target regions were
selected for subsequent cryo-FIB processing. With this approach, the rate for successful milling

was greatly increased. More sophisticated correlative approaches by combining fluorescent light
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microscopy and cryo-ET developed [45], [52—54] will further allow targeted molecular imaging,

such as HIV-1 particles inside a host cell.

Figure 31: Overview DIC images of HeLa cells cultured on a Quantifoil gold index grid. (A) GFP
fluorescence image of Hel a cells infected with HIV-1 virus-like particles containing GFP-Vpr, recorded after
2 hours of infection with a 60x objective. (B) Differential interference contrast (DIC) image overlaid with the

GFP signals. The cells are outlined with red dash lines.
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5.0 CONCLUSIONS

5.1 FIB SLICE AND VIEW

Our first experiments into the use of the FIB to produce a slice and view sample were not
successful. The samples had too many artifacts present to make a successful computer
reconstruction possible. In order to create more viable specimens, a thicker deposition layer was
used, however this increased the time required and did not remove all of the milling artifacts.
Also, in cryogenically frozen samples, these artifacts would be increased [8]. The time involved
in creating even the unusable specimens was much to high to make this method viable for our
research. We then decided to move the focus of our research to different cryo-FIB milling

methods for other types of 3D reconstruction, specifically, cryo-ET.

5.2 CRYO-FIB MILLING

The main limitations in cryo-ET applications arise from difficulties in preparing suitably
thin, vitreous biological specimens. Cryo-FIB milling is a viable tool for thinning vitreous
samples that can then be used for 3D tomographic structural analysis. This approach is a
significant improvement over vitreous sectioning, especially due to the absence of mechanical

artifacts [46]. We have designed and fabricated a cryo-shuttle, which directly accepts cryo-EM

58



specimen cartridges to streamline sample processing and 3D data collection and to allow very
shallow FIB-milling angles and wider angular coverage for cryo-ET. We have successfully
applied our cryo-shuttle to analysis of both bacterial cells and large mammalian cells, with good
results. The reconstructed 3D volumes of FIB-thinned cells offer fine structural details of
cultured HeLa cells for the first time. Our results show no m echanical stress and minimum

specimen damage at the milling surfaces of processed cells.
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6.0 FUTURE WORK

A few issues remain with the developed technique: Sample surface contamination, due to
deposition of removed material, is often observed, especially when working with thick and large
cells. Low beam (1 pA) polishing of freshly milled surfaces may help to clean up the deposited
material. An improvement of the cryo-box/anti-contaminator in FIB/SEM chamber could further
reduce the contamination. We also observed non-uniform streak-like patterns on the milling
surface, as described previously [45], which may result from uneven surface topology of the
target region. Because the gold beads were removed during milling of cell lamella, acquiring a
3D data set by cryo-ET becomes challenging. Future inclusion of intracellular fiducial markers,
such as expression of ferritin [55] or metallothionein [56] molecules, will be helpful for carrying
out 3D tomographic analyses. In addition, when working with HeLa cells, it was not easy to
localize the cell and a particular cellular region of interest in SEM images. We correlated the
SEM images with optical images of cells recorded before plunge-freezing to expedite searching
and targeting appropriate milling sites. A more precise correlation can be achieved using a cryo-
correlative light microscopy approach [52—54] for accurate localization of small targets. Our
cryo-FIB shuttle design works seamlessly with the cryo-correlative light microscopy approach
that developed previously [52], since both use the same specimen cartridge for handling the
cryo-EM grids, thus making the system even more reliable, precise, robust and convenient to use

with a high success rate. We anticipate that the combination of our cryo-FIB milling approach
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with the correlative live-cell and cryo-ET method [52] will offer new ways to investigate virus
and host cell interactions at many different stages of infection, as well as a variety of dynamic
cell signaling events and other cellular processes.

The current method we are using to thin samples for cryo-ET only allows for viewing of
the bottom slice of the sample. By creating “freely suspended lamella”, we can view different
sections of the samples. The shuttle that we created for milling is already built to help with this
procedure. The cartridge face can be reversed to allow milling from both surfaces of the sample
in opposite directions. With this feature, a thin sample slab can be created either by two parallel
mills from the same sample surface at a shallow angle (black arrows in figure 32 or by two anti-

parallel mills from opposite surfaces (black and red arrows in figure 32).

1st cut 2nd cut

Side View

lamella

Top View

Figure 32: Schematics of two FIB-milling strategies for producing vitrified cell lamella without “lift-
out*: parallel milling (1** and 2" cuts are in the same milling direction, black arrows) and anti-parallel

milling (1* and 2" cuts are in opposite milling directions on opposite surfaces, black and red arrows).
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The future direction of this research will be to focus on imaging other thick cells and
biological samples that have not yet been imaged completely in the TEM. Since we have shown
that large samples can be relatively easily thinned with few artifacts, we open up a large part of
biology that has yet to be studied. Interactions between viruses and cells that are not currently

understood can also be studied because now we can image further into the interior of the cell.

6.1 MATERIALS SCIENCE APPLICATIONS

The same principles used for this research can be applied to materials science research. Using a
FIB to create TEM samples is not a new application, and creating TEM cross sections is the
preferred method for creating TEM samples in the FIB. However, soft materials, like polymers,
or other membrane materials cannot be subjected to this process because they are too susceptible
to damage, or are not strong enough to withstand the beam or other forces required for a
successful TEM cross section. The methods we created could be applied to these soft materials in
order to view them in the TEM.

By attaching the materials to a TEM stub, it would be possible to thin the samples at a
glancing angle using low currents similar to the way that we thinned the biological specimens.
This technique would allow for a targeted creation of TEM samples using the FIB without the
need for the complex process involved in creating a TEM cross section (extensive milling, lift-
out and reattaching the sample to the TEM grid). Also, using the proposed freely suspended
lamella technique, any part of the sample could be thinned and viewed in the TEM, allowing for

TEM characterization of materials not previously viewed in the TEM.
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