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ABSTRACT

Cryo-electron tomography (cryo-ET) provides great insights into the ultrastructure
of cells and tissues in their native state and provides a promising way to study the
in-situ 3D structures of macromolecular complexes. However, this technique has
been limited on the very thin specimen, which is not applicable for most cells and
tissues. Besides cryo-sectioning approach, cryo focused ion beam (cryo-FIB)
appeared recently to achieve ‘artifact-free’ thin frozen hydrated lamella via
fabrication. Considering that the current cryo-FIB methods need modified holders
or cartridges, here, with a “D-shaped” molybdenum grid and a specific shutter
system, we developed a simple cryo-FIB approach for thin frozen hydrated
lamella fabrication, which fits both standard transmission cryo-electron
microscopes with side-entry cryo-holders and state-of-the-art ones with AutoGrids.

Our approach will expand the usage of cryo-FIB approach in many labs.

KEY WORDS: Cell ultrastructure; Cryo-electron tomography; Cryo-focused ion

beam; Frozen hydrated lamella; Molybdenum grid.



1. Introduction

Cryo-electron tomography (cryo-ET) is an important approach to study the cell
ultrastructure in its near native state, providing fruitful information for structural
biology and cell biology studies (Fridman et al., 2012; Lucic et al., 2013;Rigort et
al.,, 2012a; Yahav et al., 2011). In the past decades, cryo-ET has been
successfully applied in the structural studies of several bacterial cells and small
eukaryotic cells at their edges (Cyrklaff et al., 2007; Maurer et al., 2008). However,
the application of cryo-ET is also significantly restricted to the thickness of the
specimen less than 500 nm while most eukaryotic cells and tissue samples are
much thicker. The primary solution to thin the frozen-hydrated cells and tissues
was developed for decades with the technique of cryo-section by
cryo-ultramicrotomy (Al-Amoudi et al., 2004; Hsieh et al., 2006; McDowall et al.,
1983). The term cryo-electron microscopy of vitreous sections (CEMOVIS) was
also given for this technique, which normally includes the procedures of high
pressure freezing, cryo-trimming and sectioning, and cryo-electron tomography.
However, there are some unavoidable problems during cryo-sectioning, e.g.
sample compression in the range of 30-50% along the cutting direction, knife
marks, knife chatter, poor section adhesion, bending of sections and etc. These
cutting artifacts by cryo-ultramicrotomy will cause severe problems for the

followed data collection and image analysis of cryo-ET (Al-Amoudi et al., 2005;



Rigort et al., 2010), thus limiting the wide application of cryo-ET in structural

biology and cell biology.

Recently, Mark et al. developed a technique of the cryo focused ion beam
(cryo-FIB) milling and demonstrated that vitreous water could be thinned by this
technique and no re-crystallized ice appears during milling (Marko et al., 2006).
This technique was firstly applied on the structural studies of biological specimen,
E.coli cells (Marko et al., 2007). Then this technique was further applied to study
the structures of nuclear pore complexes (NPC) in the eukaryotic microbial cells
(Rigort et al., 2012b) and study the 3D native ultrastructure of mammalian cells
(Strunk et al., 2012; Wang et al., 2012). Furthermore, this technique was also
incorporated into a workflow from cryo-preparation and then cryo-fluorescence
microscopy to correlated cryo-ET for structural studies of cultured cells (Rigort et
al., 2010). Besides cultured cells, cryo-FIB was also proved useful to thin
C.elegans, a typical model for multicellular organism, which was high pressure
frozen on EM grids (Harapin et al., 2015). In recent years, Mark et al further
developed cryo-FIB technique by designing additional adapters for milling tissues
(e.g. skeletal muscles) that were cryo-fixed by high-pressure freezing (Hsieh et al.,
2014; Wagenknecht et al., 2015). Recently, Mahamid et al developed a
cryo-micromanipulator tool to lift out the cryo-FIB milled frozen-hydrated lamella,

which expanded the flexibility in the following cryo-fluorescence microscopy and



cryo-ET (Mahamid et al., 2015). With the recent progresses of cryo-FIB, we could
foresee the great potential of this “artifact-free” technique for the future structural

biology in-situ (Rigort and Plitzko, 2015).

However, to our best knowledge, most current cryo-FIB applications are in
combination with high-end 300kV transmission electron microscopes and
AutoGrids (Mahamid et al., 2015; Rigort et al., 2012b; Strunk et al.; 2012; Wang et
al., 2012) or with sophisticated devices (Hsieh et al., 2014; Rigort et al., 2010).
Such situation limits the wide application of cryo-FIB technique in many labs. Here,
using a “D-shaped” molybdenum grid and a specific shutter system, we
developed a convenient cryo-FIB workflow that could be suitable for both the
high-end cryo-transmission electron microscopes (cryo-TEM) with AutoGrids and
the conventional microscopes with the standard side-entry cryo-holders (e.g.

Gatan Model 626).

2. Sample preparation

2.1 Preparation of E.colicells

E.coli cells were grown on LB broth (10% tryptone, 5% yeast extract and 10%
NaCl) over night at 37 °C with the shaking speed of 280 rpm. When the culture
was grown to an optical density of 2.0 at the wavelength of 600 nm, the cells were
collected by centrifugation at 1,000 rpm for 5 min and the supernatant was

discarded. The E.coli cells were then suspended in the PBS buffer containing
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additional 0.5 g/L Mg®* and washed twice before plunge freezing.

2.2 Preparation of Ascaris Suum sperm cells

Ascaris Suum sperm cells came from dissecting Ascaris Suum. The cells in‘'the
PBS buffer containing additional 0.5 g/L Mg®* were collected by centrifugation at
2,000 rpm for 5min and the supernatant was discarded. The cells were then
suspended in the PBS buffer containing additional 0.5 g/L Mg?* and washed twice

before plunge freezing.
2.3 Preparation of SF9 insect cells

The SF9 cells were cultured at 37 °C with 5% CO. and in the medium of DMEM
with 10% FBS and 1% Penicillin-Streptomycin solution (100 x). The cultured cells
were passaged by 0.25% Trypsin-EDTA for 2 min. Then the cells were collected
by a cell scraper and suspended in the culture. The suspension solution was
centrifuged at 3,000 rpm for 5 min and the supernatant was discarded. The pellet
cells were then suspended in the PBS buffer containing additional 0.5 g/L Mg®*

and washed twice before plunge freezing.
2.4 Preparation of mouse embryonic fibroblasts (MEF) cells

The MEF cell lines were cultured in Dulbecco’s modified Eagle’s medium
(Sigma) supplemented with 10% heat-inactivated fetal bovine serum (Gibco) and

in a 5% CO- incubator at 37 °C. After additional 48 hr incubation, the cells were



collected with a cell scraper and suspended in the culture. The suspension
solution was centrifuged at 3,000 rpm for 5 min and the supernatant was
discarded. The pellet cells were then suspended in the PBS buffer containing

additional 0.5 g/L Mg®* and washed twice before plunge freezing.
2.5 Plunge freezing of grids

Before applying the suspended cells, the grids were cleaned by the glow
discharge for 10 s using the plasma cleaner (Harrick Plasma PDC-32G) with the
medium FR lever. Then the grids were plunge-frozen into liquid ethane (close to
liquid solid mixed state) that was cooled by liquid nitrogen by using FEI Vitrobot IV
(FEI Corp., OR) with the blotting chamber temperature of 37 °C, humidity of 100 %,
blot force of 4 and bolt time of 10 s. After plunge freezing, the grids were
transferred to storage grid box (LifeTrust, Jiangsu, China) in the liquid nitrogen

before cryo-FIB milling.
3. Design of cryo-transfer shutter system

In-order to protect the vitrified specimen from frost contamination, to keep the
vitrified temperature of the specimen and to help the multi-step cryo-transfer, we
designed a transfer station (Figure 1A), a transfer shuttle (Figure 1B) and a

special “D-shaped” grid (Figures 1C).

The shell of the transfer station consists of polystyrene material and



accommodates the liquid nitrogen reservoir. There are three positions designed
for the placement of cryo-grid boxes, ensuring a smooth transfer of cryo-grids
from the cryo-grid box into the cryo-transfer shuttle. The shuttle position .is
designed for fixing the shuttle that is ready to install or recover the cryo-grids. The
hollow out platform is designed for storing liquid nitrogen at the bottom of the cup

to keep the cryogenic temperature of the station (Figure 1A).

The transfer shutter is made with pure copper material (Figure 1B). The cover
of the shutter is kept close all the time, except FIB milling and grid transfer. The
cover opening and closing process are operated using a freeze-fracture knife in
the sample preparation chamber of Quorum PP3000T cryo-transfer system
(Quorum Technologies, East Sussex, UK). The crosshead fixing screw is
designed to lock the cover during the storage of the shutter after FIB milling in
some cases. The cryo-condition of the shutter in the SEM (scanning electron
microscope) chamber is kept by the cryo-stage of Quorum PP3000T cryo-transfer

system (Figure 1E).

We designed a special 200-mesh “D-shaped” molybdenum grid with 1/4 portion
trimmed (Figure 1C) for our cryo-FIB milling experiments. The molybdenum grids
are mechanically hard with small expansion coefficient in the liquid nitrogen,
which benefits the workflow of multi-step transfer in cryo-FIB experiments. The flat

edge of the grid can keep the same direction of the grid between cryo-FIB milling



and cryo-TEM, which is important for the following cryo-ET data collection. In
addition, such special designed grid can be loaded onto both the AutoGrid and the
standard side-entry cryo-holder (Figure 1D). These special customized
“D-shaped” molybdenum grids coated with lacey support film were bought from

Beijing Xinxing Braim Technology.

4. Cryo-FIB fabrication and cryo-electron microscopy

Cryo-FIB milling experiments were performed using Helios NanoLab 600i Dual
Beam SEM (FEI, Netherlands) with a field emission electron source, gallium ion
source and the in-lens electron detector. The frozen grids were transferred with
the cryo-transfer shuttle into the SEM chamber by using Quorum PP3000T

cryo-transfer system (Quorum Technologies, East Sussex, UK) under -180 °C.

During the cryo-FIB milling process, it is important to keep the milling angle as
small as possible, because the smaller angle can fabricate a larger view region
and therefore the thinned section is flat enough on the grid (Rigort et al., 2010;
Wang et al., 2012). In this experiment, the milling angel between the FIB and the
specimen surface was set to 10°~15°. The milling was performed parallel from
two sides to produce vitrified cell lamella (Rigort et al., 2010). The accelerating
voltage of the ion beam was kept 30 kV, and the ion currents were in the range
from 0.23 nAto 80 pA. The rough milling utilized a strong ion beam current of 0.23

nA and the final fine milling was operated with a small ion beam current of 80 pA.



The thickness of the residual thin lamella with a good quality is about 200~300

nm.

After cryo-FIB milling, the cryo-grid was transferred into the cryo-grid box from
the transfer shutter by using the transfer station. Then the cryo-grid was further
transferred into the standard side-entry cryo-holder or the AutoGrid for

cryo-electron microscopy.

For transferring into the standard cryo-holder (here, Gatan Model 626), with the
special “D” shape, the grid is easy to mount onto the holder with a right direction.
After grid loading, the cryo-holder was inserted into a FEI Tecnai 20 transmission
electron microscope that is operated in 200 kV and equipped with a Gatan
Ultrascan 1000 CCD camera (2048*2048 pixels). Tilt series were collected in
low-dose condition automatically using SerialEM (Mastronarde, 2005) with the tilt
angle from -60° to 60° and the angle increment of 2°. The total dose used is
12,000 e/nm and the nominal magnification is 11,500 with the actual pixel size of
1.32 nm/pixel. The images were recorded with the averaged defocus value of ~ 10

um.

For transferring into the AutoGrid, the easily recognized grid shape also
provides benefits for mounting AutoGrid into the cassette with a right direction.
FEI Titan Krios transmission electron microscope was used to collect
cryo-electron tomography data of specimen in the AutoGrid. The microscope is
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operated in 300 kV and equipped with a FEI Falcon Il camera (4096x4096 pixels).
Tilt series were collected in low-dose condition automatically using SerialEM
(Mastronarde, 2005) with the tilt angle from -60°to 60° and the angle increment of
2°. The total dose used is 100 e/A? and the nominal magnification is 29,000 with
the actual pixel size of 0.29 nm/pixel. The images were recorded with the

averaged defocus value of ~10 ym.

All the collected tilt series were aligned, reconstructed and post-processed by

IMOD software (Kremer et al., 1996).
4.1 Cryo-FIB milling of E.coli cells and Ascaris Suum sperm cells

The first test was performed on E.coli cells, the typical small sized cells.
Normally, there are 3~5 regions milled by cryo-FIB and these regions can be
viewed from low magnification SEM image (secondary electron signal, see Figure
2A). And the cryo-hydrated lamella can be recognized from a high magnification
SEM image (Figure 2B). The thickness of the section can be estimated as ~ 377
nm from the FIB direction (FIB induced secondary electron signal, see Figure 2C).
The followed low-dose cryo-TEM images of the cryo-FIB milled lamella showed
that the section of E.coli cells are preserved in the vitreous state with no obvious
radiation damage after cryo-FIB milling (Figure 2D) and the inner- and outer-
membranes structure of the cell are clearly resolved in cryo-TEM (Figure 2E).

Another test was performed on Ascaris Suum sperm cells, another type of
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small sized cells (Figures 2F, 2G and 2H). Some occasional ice crystal
contamination on the cryo-FIB milled lamella can be observed by the low
magnification TEM image (Figure 2F) and we speculate that such contamination
comes from the specimen transfer procedure. The size of the cryo-FIB milled
lamella is about 20*8 um, which is sufficient for the following cryo-TEM and
cryo-ET data collection. From this cryo-FIB milled lamella of Ascaris Suum sperm
cell, many cytoplasmic ultrastructures can be clearly observed by low-dose
cryo-TEM, e.g. the reflector body (RB), vesicles (V) and other membrane

organelles (Figures 2G and 2H).

4.2 Cryo-FIB milling of the insect SF9 cells and cryo-ET using the side-entry

cryo-holder

Our cryo-FIB workflow was further tested to apply on bigger sized cells, the
insect SF9 cells. A200~400 nm lamella were prepared by cryo-FIB (Figure 3A).
After examination in low magnification cryo-TEM (Figure 3B), a good region of
the cryo-FIB milled lamella was selected for further investigation in high
magnification (Figure 3C). Besides occasional large ice crystal contamination
(Figure 3B), most parts of the lamella are clean and preserved in vitreous state
with natural morphology of various organelles, e.g. mitochondria, vesicles,
microtubules, ribosomes and etc. The region of interest was further selected for

tomographic data collection by using a standard side-entry cryo-holder (Gatan
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Model 626) and an FEI Tecnai 20 transmission electron microscope. After the
tomographic reconstruction, the abundant 3D structural details of the insect SF9
cell at the cytoplasmic region were clearly resolved from the tomogram, including
double membrane of mitochondria, mitochondrial cristae, ribosomes,

microtubules and etc. (Figure 3D and Movie S1).

4.3 Cryo-FIB milling of MEF cells and cryo-ET using the AutoGrid

Another cryo-FIB workflow test was performed to prepare cryo-hydrated
lamella of MEF cells, which was loaded onto the AutoGrid and imaged by FEI
Titan Krios (FEI Corp., Netherland). The orientation of the cryo-grid was well
controlled with the special grid edge during the whole transferring and loading
procedure. The quality of the cryo-FIB milled lamella was examined as above and
a region of interest was selected for tomographic data collection. From the
tomogram, we observed abundant 3D structural details of MEF cell, including the
fission of mitochondrion, the microfilaments at the mitochondrial fission site,
microtubules around the mitochondrion, large vesicular organelles with many
macromolecular complexes on the membrane and lots of ribosomes (Figures
3E-H and Movie S2). To our best knowledge, the structural moieties at the fission
site of mitochondrion (Figures 3E and 3F) have never been observed before and

would raise the future study for its biological significance.

Overall, the applications of our cryo-FIB approach on the bacterial cells, worm
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sperm cells, insect cells and embryonic fibroblast cells demonstrate that our
cryo-FIB workflow can fabricate high quality frozen-hydrated lamella of biological

specimen for the high-resolution cryo-electron tomography studies.
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FIGURE LEGENDS

Figure 1. Design of the cryo-FIB transfer station, the transfer shuttle and the
“D”-shaped grid. (A) The drawing of the cryo-FIB transfer station. (B) The
drawing of the cryo-FIB transfer shuttle with the specimen protection cover close
(left) and open (right), respectively. The angle between the grid-loading slot and
the horizontal plane is 30°. The crosshead fixing screw shown left is used during
the storage of the shutter in the liquid nitrogen. (C) The design of a "D”-shaped
molybdenum grid with one quarter trimmed and regions labeled. (D) The grids
mounted onto the AutoGrid (left) and the standard side-entry cryo-holder (right).
(E) A snapshot of the SEM (FEI Helios Nanolab 600i Dual Beam) chamber with

the cryo-FIB transfer shuttle mounted onto the Quorum PP3000T cryo-stage.

Figure 2. Cryo-FIB milling of frozen-hydrated E. coli and Ascaris Suum
sperm cells. (A) Cryo-scanning electron micrograph (secondary electron signal)
of vitrified E. coli cells on an EM grid after cryo-FIB milling. (B) Magnified view of
the milled region in (A). (C) Vertical view of the milled region from the FIB direction,
which'is imaged using the signal of FIB-induced secondary electrons. (D) and (E)
Low-dose cryo-TEM micrographs of cryo-FIB milled E.coli cells. The region in the
white dashed window is zoomed in at the corner. (F), (G) and (H) Low-dose
cryo-TEM micrographs of cryo-FIB milled Ascaris Suum sperm cell lamella at the

low (F), medium (G) and high magnification (H) respectively. TEM imaging was
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taken by using FEI Tecnai 20 microscope. Some frost particles can be discerned
across the lamella as indicated with the white asterisk. Scale bars: (A) 100pm, (B)

50 um, (C) 10um, (D) 500nm, (E) 300nm, (F) 10um, (G) 2um and (H) 1um.

Figure 3. Cryo-FIB milling and cryo-ET of frozen-hydrated insect SF9 cells
and MEF cells. (A) Low-dose cryo-TEM images of cryo-FIB milled insect SF9 cell
lamella. (B) Middle magnification of the selected region in (A). Some frost
particles can be discerned across the lamella as indicated with the white asterisks.
(C) High magnification of the selected region in (B). (D) Tomographic
reconstruction of the cryo-FIB milled insect SF9 cell lamella at the region in (C).
The microtubules are indicated with the black arrows. TEM imaging was taken by
using FEI Tecnai 20 microscope. (E), (F), (G) and (H) the z-slices of tomogram of
the cryo-FIB milled MEF cell lamella with different z-positions. The traversing
microtubules (MT) and microfilaments (MF) are indicated with the arrowheads.
TEM imaging was taken by using FEI Titan Krios microscope. Scale bars: (A) 1

um (B) 500 nm, (C) 400 nm and (D) 300 nm, and (E) 200 nm.

SUPPLEMENTAL MOVIE LEGENDS

Movie S1. Slicing view of tomogram of cryo-FIB milled insect SF9 cell lamella.

Movie S2. Slicing view of tomogram of cryo-FIB milled MEF cell lamella.
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