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Abstract
A new type of cryo-electron microscopy (cryo-S(T)EM) technique made possible by installing a new cryotransfer holder and an anti-contamination trap on a scanning electron microscope (Hitachi SU9000)
allowed simultaneous collection of both transmission (transmission electron microscopy, TEM) images
and surface (scanning electron microscopy, SEM) images at -180°C. The ultimate temperatures of the
cryo-transfer holder and the anti-contamination trap reached − 190°C and − 210°C, respectively, by
applying a liquid nitrogen slush. The TEM images obtained by the new cryo-S(T)EM method showed
quality equal or superior to that of images obtained by conventional 100 kV TEM, although the resolution
did not improve at -180°C due to slight drifting of the sample stage. Cryo-S(T)EM also had the
unexpected advantage of enabling observations of intracellular structures in thick frozen cells by
accelerating the sublimation of ice surrounding the specimens. The spatial architecture of the
cytoskeleton, poly-ribosome-chains, endoplasmic reticulum (ER), mitochondria, etc., became visible in
thick frozen cells via sufficient (deep) sublimation of ice in combination with the unroofing method. In
particular, it should be noted that the ER appeared as a wide and flat structure beneath the cell membrane
while forming a large spatial network together with tubular ER.

Introduction
Cryo-transmission electron microscopy (cryo-TEM) has gradually become popular in the past decade, and
several dedicated microscopes are currently sold commercially. In the past, independently sold cryotransfer holders were used in conjunction with general-purpose transmission electron microscopes to
observe frozen samples because totally equipped microscopes dedicated to frozen samples were rarely
available commercially. The major difference between these types of instruments lies in how the sample
is brought into the electron microscope. Currently, frozen samples can be placed in a cassette-shaped
holder and moved in and out with an autoloader integrated with a cryo-TEM instrument. Images can be
acquired stably, but regulation of the specimen temperature for a short time is limited compared to that
achieved when using a side entry cryo-transfer holder. Therefore, it is difficult for a cassette-type holder to
reduce the thickness of the ice layer by quickly increasing the temperature in a vacuum during imaging. It
is thus preferable to observe protein molecules embedded in thin layers of ice rather than to observe
frozen cells and tissues embedded in large amounts of ice. Practically, to date, cryo-TEM has been used
mainly for structural analysis of purified proteins and viruses using image processing (single-particle
analysis), which itself is a means of structural analysis and has been used without necessarily
combining it with cryo-TEM in the past. Since quick freezing retains the structure of proteins in a nearly
native state, single-particle analysis of frozen proteins using cryo-TEM has become popular. In particular,
cryo-TEM has recently achieved substantially improved resolution due to the incorporation of highsensitivity cameras. Its resolution approaches atomic resolution, similar to X-ray crystallography, despite
dealing with dispersed protein particles 1–5. This cryo-TEM method developed under such circumstances
is naturally targeted to the structural analysis of protein molecules. The acceleration voltage of cryo-TEM
recently reached as high as 300 kV. A cryo-TEM instrument equipped with a direct detection (highPage 3/18

sensitivity) camera is an extremely expensive microscope that is installed at the university level and
shared across regions but not installed at the individual laboratory level. Not only purified proteins but
also cells are preserved well in the nearly native state by quick freezing. Therefore, observation of cells
with cryo-TEM is essential for a comprehensive understanding of the true intracellular structures. In fact,
cryo-EM of cells has provided high-resolution structural information about cells and organelles such as
desmosomes and nuclear lamina, which have never been observed by conventional methods 6–23. In
particular, when this technique is combined with tomography, the molecular structure of membranes and
several types of filaments can be analysed three-dimensionally 7–22. Atomic resolution is not always
required in cell biology, but it is desirable to have a cryo-TEM instrument available in a laboratory so that
frozen samples can be observed frequently, as is possible with conventional TEM. This is one of the
reasons we developed a small cryo-electron microscope. The aim of our newly developed cryo-electron
microscopy (cryo-EM) technique is to observe the fine structure of frozen cells with high contrast in the
nearly native state. This new cryo-EM method was developed based on scanning electron microscopy
(SEM) and utilizes an acceleration voltage of 30 kV, a detector for transmitted electrons and a field
emission gun (FEG) that emits an extremely thin electron beam (0.4 nm in diameter) (Hitachi SU9000).
Therefore, our new cryo-EM method enables simultaneous acquisition of a transmission image (TEM
image) and a surface image (SEM image). The TEM image obtained by the new cryo-EM technique is a
scanning transmission image in the strict sense, so the newly developed cryo-EM method was named
cryo-S(T)EM.

Results

Cryo-S(T)EM instrumentation
Our developed cryo-S(T)EM instrument including of a newly developed cryo-transfer holder and an anticontamination trap was fully functional as a standard cryo-electron microscope (Fig. S1). Both the cryotransfer holder and the anti-contamination trap have a double pipe structure containing a pipe for venting
gas, so each can be easily filled to the tip with liquid nitrogen. The specimen stage of the cryo-transfer
holder could be cooled to -190°C by a liquid nitrogen slush obtained by evaporation with a vacuum pump
(Fig. S2). Similarly, the anti-contamination trap could be cooled to -210°C by using a liquid nitrogen slush
(Fig. S3). However, the temperature of the specimen stage used for observing samples was substantially
dependent on the temperature of the anti-contamination trap. If the temperature of the anti-contamination
trap was the same as or higher than the temperature of the specimen stage, the water molecules
sublimated from the ice around the sample were not efficiently adsorbed onto the anti-contamination trap
and were refrozen on the sample surface as frost, causing contamination. To prevent this issue, the
temperature of the specimen stage had to be set to approximately 20 ℃ above the temperature of the
anti-contamination trap. Thus, the sample had to be observed above − 180°C. The water adsorption
capacity of the anti-contamination trap was very important, especially for observing cells embedded in
large amounts of ice, which differs from the requirements for observing purified protein molecules.
Therefore, the tip shape of the anti-contamination trap was designed to enclose the specimen stage of
Page 4/18

the cryo-transfer holder, as shown in Fig. 1. On the other hand, the specimen stage of the cryo-transfer
holder slides into the holder to prevent frost formation after setting samples in a cryo-workstation (Fig.
S4) and is pulled out during observation (Fig. 2). The cryo-S(T)EM instrument, which was developed
based on a SEM instrument (Hitachi SU9000) with detectors for secondary electrons, transmission
electrons and backscattered electrons, should, in principle, be able to capture three images
simultaneously. However, since the irradiation dose was limited to ~ 30 electrons/Å2 to protect the frozen
cells from irradiation damage, backscattered electrons from the ice surface were too weak to generate an
image. On the other hand, a secondary electron image (SEM image) was observed with little charge-up
due to the electron conductivity of ice. The transmission images obtained by cryo-S(T)EM were formed by
scanning an extremely thin electron beam emitted from a cold FEG (diameter of beam: 0.4 nm, spherical
aberration coefficient: 2 mm, optimum opening angle: 11 mrad) 24. The quality of the scanning
transmission image (STEM image) was evaluated by image processing of the micrographs of negatively
stained actin filaments. The raw STEM image (Fig. 3A) clearly showed fine details with high contrast. The
molecular model reconstructed by image processing also showed higher resolution than the model
reconstructed from images obtained by conventional TEM (compare B with C in Fig. 3). These results
showed that the scanning transmission electron microscopy (STEM) mechanism within the abovedescribed cryo-S(T)EM method (or Hitachi SU9000 which is the basic machine for development) had the
ability to display STEM images of biological samples equal to or better than conventional TEM images.
Unfortunately, however, at -180°C, the resolution obtained at room temperature was not achieved due to
drifting of the specimen stage. Therefore, high-resolution analysis will require the fabrication of a new
drift-free cryo-transfer holder.

Application of cryo-S(T)EM to the analysis of cell structures
Since quick freezing can be used to preserve not only purified proteins but also the fine structure of cells
in a nearly native state, cells also need to be observed in the frozen state to understand their real fine
structure. Of course, the slight drift of the specimen stage mentioned above makes high-resolution cell
observation difficult, but cryo-S(T)EM combined with the unroofing method can yield valuable results for
thick cell structures even at low resolution. Cultured cells are extremely thick, reaching a few microns, and
are frozen together with a large amount of water compared to purified proteins. Therefore, it is necessary
to reduce the thickness of frozen samples enough to allow electrons to pass through. In previous studies,
frozen samples were thinned by using a cryo-ultramicrotome (CEMOVIS) 7 or focused ion beam (FIB) 19–
22.

In this study, unroofing 23, 25, 26 was used instead. Initially, unroofing is a unique method for exposing

the cytoplasmic surface of the ventral cell membrane to observe clathrin coats, caveolae, etc., in freezeetching replica EM 27,28. In practice, however, all cells are not unroofed in the same way. Unroofed cells
vary in thickness and cytoplasmic contents, ranging from fully unroofed cells to non-unroofed cells. The
observations of various unroofed cells by cryo-S(T)EM are described below, and the cells are classified
into fully unroofed cells, partially unroofed cells and small (micro-) unroofed cells (see Fig. S5 for better
understanding). In many cases, frozen cells were embedded in enough ice to prevent the transmission of
electrons. To reduce the thickness of the ice layer, the temperature of the specimen stage was first
increased to -100°C to accelerate ice sublimation, and thereafter, the temperature was decreased to
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-180°C again for observation. This ability to easily adjust the ice thickness by raising or lowering the
temperature of the specimen stage is another advantage of this cryo-S(T)EM technique that is very useful
for observing various unroofed cells. In fully unroofed cells (cells with little cytoplasm), the cytoplasmic
surface (inner surface) of the ventral cell membrane was exposed thoroughly, and clathrin coats, cortical
actin filaments, and microtubules were found in close contact with the surface (Fig. 4). Actin filaments
and microtubules grew without fragmentation or branching while bending gently. Partially unroofed cells
reached a few microns in thickness due to residual organelles and cytoplasm, although most of the cell
membrane was removed. In general, it is difficult for electrons to pass through such a thick sample to
generate an image. However, surprisingly, sufficient (deep) sublimation of ice exposed intracellular fine
structures, regardless of the degree of unroofing. The reason the structures became visible after ice
sublimation even though the cell thickness did not change will be explained below (DISCUSSION section).
Regardless, the intracellular structures became clearer with increasing duration of ice sublimation.
Figure 5 shows partially unroofed cells whose cytoplasm and water were frozen to an appropriate extent.
Actin filaments, ribosomes, endoplasmic reticulum (ER), etc., appeared after slight ice sublimation. These
cells are completely embedded in ice, and thus, the SEM image shows a flat surface. Cells unroofed to
this extent provide the most information about structures. Figure 5B shows a high-magnification
micrograph of another part of the same cell shown in Fig. 5A. The ER, ribosomal chain, microtubules, and
actin filaments clearly overlap with each other. On the other hand, in the case of another partially
unroofed cell with considerable thickness (Fig. 6), ice sublimation for 20–30 minutes at -100°C was
required for TEM images to be obtained. Figure 6 shows the nucleus, mitochondria, ER and filaments.
Sufficient (deep) sublimation also revealed organelles embedded in ice in an SEM image (Fig. 6 right
image). Thus, simultaneous measurement of SEM images was useful for investigating the freeze-drying
state. Notably, in this study, the intracellular fine structure of micro-unroofed cells, which is similar to the
whole cell, appeared after deep sublimation of ice even during 30 kV cryo-S(T)EM. In fact, as shown in
Fig. 7, since the SEM image was flat even after sufficient sublimation, it was considered that most parts
of these cells are covered with a cell membrane. Nevertheless, the mitochondria, ER, and cytoskeleton
became visible upon deep sublimation. Many flat ERs were located beneath the apical cell membrane
(Fig. 7) and seemed to be interconnected with each other to form a network. These ER networks were also
well preserved in mitotic telophase cells, as shown in Fig. 8. These structures had never before been
observed in thin sections of cells. The ability to observe thick cells in combination with deep sublimation
of ice is one of the advantages of this developed cryo-S(T)EM technique.

Discussion
We aimed to develop a compact cryo-EM instrument based on the 30 kV SEM with a STEM detector. This
is the first cryo-EM that is able to display both a transmission image (STEM image) and a secondary
electron image (SEM image, surface image) at the same time. Effective simultaneous capture of these
images of unfixed cells seems to be possible only in the frozen state. The high electrical conductivity of
both frozen cells and grids covered with carbon-coated film allows SEM images to be obtained while
suppressing electron charge along the sample surface. Therefore, simultaneous STEM and SEM imaging
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became possible without any pre-treatment, such as metal decoration. However, electrons back-scattered
from the frozen sample surface were too weak to generate images because the total number of irradiated
electrons was reduced to prevent irradiation damage.
STEM images obtained by 30 kV cryo-S(T)EM were equal or superior in quality to images obtained by
conventional 100 kV TEM at room temperature in this study. However, the image quality decreased at
-180°C due to drifting of the specimen stage. Structural analysis of proteins with the highest resolution of
cryo-S(T)EM using image processing at -180°C will be a challenge until fabrication of a new drift-free
cryo-transfer holder. Issues of image quality in STEM are closely related to scan speed and detector
sensitivity, in addition to microscope-specific optics issues. The scanning speed of SEM has hardly
changed in the last 50 years, and the capture speed in image acquisition mode is approximately 20 to 30
s per frame. In this study, 2560×1920 pixel images were recorded in 32 s/frame, and 1280×960 pixel
images were recorded in 16 s/frame. Capture speed is also closely related to detector sensitivity. The
higher the sensitivity, the faster the capture speed is. Therefore, it will be necessary to improve the
sensitivity of the detector and the scanning speed in the future. If the detection sensitivity and scanning
speed are sufficiently high and the image can be captured at a speed greater than the sample drift, the
drift problem will cease.
The new cryo-S(T)EM method employed unroofing for sample preparation and yielded several new
findings on intracellular structures in the nearly native state. Samples have to be frozen immediately after
unroofing to maintain their native structures. As mentioned above, the amount of remaining cytoplasm
varied among unroofed cells from part of the cell membrane to a whole cell. The total thickness of microunroofed or slightly unroofed cells reached a few microns because many organelles remained in the
cytoplasm. The samples were not thin enough to allow electrons to pass through at an acceleration
voltage of 30 kV. This fact raises the question of why the structure can be observed simply by
sublimating a large amount of ice. Even though the cells appeared similar to normal cells, they were
either slightly unroofed or had micron-sized holes, as described above. In this case, the cell fluid (cell sap)
was gradually diluted by influx of an external buffer and concomitant outflow of the cell fluid through
partially broken areas or micron-sized holes in the cell membrane. Although the normal frozen cell fluid is
hardly sublimated even under high vacuum, the frozen cell fluid diluted sufficiently with buffer was
gradually sublimated by increasing the specimen temperature to -100°C under high vacuum (5×10− 6 Pa)
for 30 minutes or more. Deep sublimation of ice caused a significant decrease in frozen cell fluid, allowed
electron beams to pass through and generate an image, thus explaining why the structure of thick cells
appeared after deep sublimation. Prolonged sublimation of ice surrounding frozen cells has previously
been considered to cause some artefacts. Therefore, increasing the specimen temperature to accelerate
the sublimation of ice has not been attempted in the past. However, no artefacts have yet been detected
on images taken at 40,000 magnification. When ice is sublimated in a vacuum, the constituent minerals
in the buffer should precipitate on the surface of the membrane and filaments. However, the amount of
precipitation is too small to be detected in an image at 50,000 or less. When the sample is completely
dried, more components of the buffer precipitate on the exposed structure and may be observed as
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contaminants. However, the fine structures collapsed upon drying completely in previous experiments.
The fine structure of unroofed cells should be supported by an ice layer. When the total thickness of the
ice containing frozen cell fluid was reduced to 200 nm or less by sublimation in vacuo, the electron beam
was sufficiently transmitted to generate an image. The organelles that were completely exposed from the
ice layer also appeared to be covered with a very small amount of ice. This ices appears to maintain the
structure of unfixed cells. Therefore, sublimation of ice should be minimized.

Methods

Construction of a new cryo-scanning transmission electron
microscope (cryo-S(T)EM)
A scanning electron microscope (Hitachi SU9000; accelerating voltage, 30 kV) equipped with a detector
for transmitted electrons, detectors for secondary electrons and a detector for back-scattered electrons
was used as the base machine of the development. The cryo-S(T)EM instrument consisted of the above
SEM (Hitachi SU9000) with a new anti-contamination trap (Fig. 1) and a new cantilever-type cryo-transfer
holder (Fig. 2). Anti-contamination traps are very important to prevent refreezing of sublimated water
molecules as frost on the specimen surface and are always installed in cryo-S(T)EM instruments. After
mounting the frozen cells onto the specimen stage of the cryo-transfer holder in liquid nitrogen with the
assistance of a newly developed cryo-workstation (Fig. S3), the specimen stage was slid into the cryotransfer holder to prevent frost (Fig. 2). Then, the cryo-transfer holder was placed in the specimen
chamber of the cryo-S(T)EM instrument. Such sample loading must be performed for each observation.
Liquid nitrogen in the Dewar of the cryo-transfer holder and anti-contamination holder was evaporated as
necessary by means of a vacuum pump to generate nitrogen slush. Evaporation was stopped before
observation to prevent vibration from the vacuum pump. The specimen temperature was maintained for
40 minutes after evaporation stopped. Samples were observed during this time at -180 ℃ while
monitoring the temperature. If the sample temperature became unstable and rose during observation,
evaporation was started again for approximately 5 minutes to restore the nitrogen slush. Then,
observation was resumed.

Sample preparation for cryo-EM
Normal rat kidney (NRK) cells were cultured on C-flat gold mesh grids (#200 multi-hole) or molybdenum
mesh grids (#200) covered with carbon-coated Formvar (polyvinyl formal) for 1–2 days in a CO2
incubator. The culture medium was DMEM (Sigma-Aldrich Co., St. Louis, MO, USA) supplemented with 10
% bovine serum. The sonication unroofing method was used to observe the membrane cytoskeleton in
cells. Unroofing also helped prepare cells thin enough for electron beams to pass through. Cells cultured
on the above mesh grids were sequentially washed with Ringer’s solution consisting of 155 mM NaCl, 3
mM KCl, 2 mM CaCl2, 1 mM MgCl2, 3 mM NaH2PO4, and 10 mM glucose in 5 mM HEPES buffer (pH 7.4),
followed by Ca2+-free Ringer’s solution (lacking CaCl2). The cells were soaked for approximately 10 s in a
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polylysine solution (Mw 30,000–50,000; Sigma-Aldrich, St. Louis, MO, USA; 0.5 mg/ml dissolved in Ca2+free Ringer’s solution) and then washed three times for a few seconds each in KHMgE buffer consisting
of 30 mM HEPES (pH 7.4), 70 mM KCl, 3 mM MgCl2, and 1 mM EGTA. Immediately after washing, the
cells were unroofed by gentle sonication (0.5 W, 27 kHz) in isotonic unroofing buffer consisting of 30 mM
HEPES (pH 7.4), 70 mM KCl, 3 mM MgCl2, 1 mM EGTA, 1 mM DTT and Pefabloc SC (Roche Diagnostics
Gmbh, Mannheim Germany) as a protease inhibitor. The unroofed cells were washed briefly in the same
fresh buffer and used for subsequent experiments. See previous papers for details 26, 27.

Quick freezing
Unroofed samples were immediately frozen by using a Leica EM-GP quick freezer. Excess water
surrounding the unroofed cells was automatically absorbed by filter paper for 5–6 s from only the grid
side in a Leica EM-GP quick freezer. Then, the samples were automatically plunged into liquid ethane
cooled at -185°C with liquid nitrogen. Frozen samples were stored temporarily in liquid nitrogen for
subsequent experiments.

Sublimation of ice
Cells were often embedded in a large amount of ice even after water absorption during Leica EM-GP. Cells
embedded in a relatively thin layer of ice were selected for observation, but sometimes further
sublimation of ice was required to reduce the total thickness. Sublimation of ice was performed by
increasing the temperature to -100°C under high vacuum (5×10− 6 Pa) during cryo-S(T)EM. The thickness
of the ice was estimated from a low-magnification SEM image (mesh image). Upon reaching an
appropriate thickness, the temperature was lowered again to -180°C for observation.

Image processing
The image quality of negatively stained actin filaments achieved by Cryo-S(T)EM was evaluated by
image processing with EOS software 31. Details of actin purification and single-particle analysis of actin
filaments using spiral symmetry were described in previous
papers30, 32, 33.
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Figures

Figure 1
Illustration of an anti-contamination trap. The inset shows an enlarged view of the tip of the anticontamination trap.
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Figure 2
Illustration of a cryo-transfer holder. The inset shows an enlarged view of the specimen stage at the tip of
the cryo-transfer holder. This specimen stage slides into the arm of the cryo-transfer holder to prevent
frost formation during transfer it into the specimen chamber of the cryo-S(T)EM

Figure 3
Comparison of two molecular models reconstructed by image processing of each actin filament image
captured by 30 kV cryo-S(T)EM and 100 kV conventional TEM. A: One raw image of negatively stained
actin filaments obtained by the developed 30 kV cryo-S(T)EM technique. B: Molecular model of actin
filaments reconstructed by image processing from 24 filaments images with the total length of 9 micrometer, containing approximately 3000 actin monomers images, obtained by cryo-S(T)EM; the molecular
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mapping derived by X-ray diffraction was superimposed to determine how well the reconstructed model
matches the actual molecular structure25. C: Molecular model of actin filaments reconstructed by image
processing from 19 filaments images with the total length of 9 micro-meter obtained by conventional
TEM; the molecular mapping same as in B was also superimposed25. By comparing Models B and C, it is
clear that Model B is more consistent with the actual actin molecular mapping.

Figure 4
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Simultaneous imaging by cryo-STEM and cryo-SEM showing fully unroofed cells. A: Cortical actin
filaments attached on the cytoplasmic (inside) surface of a cell membrane. B: Clathrin coats (arrows)
were observed on the inner surface of the cell membrane in fully unroofed cells. The thickness of fully
unroofed cells is thin enough for electrons to pass through. The SEM image appears flat because the
unroofed cells are completely embedded in ice. In C, however, since ice sublimation is somewhat
accelerated, the structure in SEM mode was observed.

Figure 5
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Cryo-electron micrographs of partially unroofed cells. A: Simultaneous imaging by cryo-STEM and cryoSEM of cytoskeletons, ribosomes and endoplasmic reticulum. In partially unroofed cells, the cell
membrane was removed, but many organelles remained intact. The total thickness of the cell was
reduced so much by unroofing that STEM images could be observed with slight sublimation of ice. The
unroofed cell seems to be completely embedded in ice, as shown by the flatness of the SEM image. B:
Magnified cryo-STEM micrograph of the other part of the same sample shown in Figure A. Polyribosomal-chains (arrows) and microtubules (Mt) are clearly observed. Ribosomes are often
interconnected by extremely thin threads to form a ribosome chain. Since these structures are observed to
overlap with other filaments and membrane structures, this unroofed cell appears to be quite thick.

Figure 6
Simultaneous imaging by cryo-STEM and cryo-SEM showing a partially unroofed cell. Many organelles
remain in spite of complete ablation of the cell membrane. Deep sublimation made ice layer thin for
electrons to pass through total thickness of cell, and thereby STEM images became visible. At the same
time, the undulation in the cytoplasm could be observed in the SEM image. N; nucleus, M; mitochondria,
ER; endoplasmic reticulum.
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Figure 7
Simultaneous imaging by cryo-STEM and cryo-SEM showing a micro-unroofed cell with many organelles.
A micro-unroofed cell is similar to a normal cell in appearance, but a very small area of the cell membrane
is torn off or very tiny holes have been opened. The SEM image was not observed even after ice
sublimation for one hour or more because most areas of the cell were covered by the cell membrane. As
seen in this micrograph, STEM revealed the spatial architecture of several organelles and filaments as in
high-resolution light microscopy. In this micrograph, a large ER network was observed in the vicinity of the
cell membrane. Mitochondria were also observed, sometimes branching or overlapping with the ER.

Page 17/18

Figure 8
Cryo-electron micrograph of micro-unroofed cells in mitotic telophase. The arrows indicate mitochondria.
ER indicates the endoplasmic reticulum. The asterisk shows chromosomes in telophase. Large networks
of ER were preserved well even in mitotic phase despite the disappearance of the nuclear envelope.
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