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Summary

The feasibility of using a focused ion beam (FIB) for the pur-
pose of thinning vitreously frozen biological specimens for
transmission electron microscopy (TEM) was explored. A concern
was whether heat transfer beyond the direct ion interaction
layer might devitrify the ice. To test this possibility, we milled
vitreously frozen water on a standard TEM grid with a 30-keV
Ga" beam, and cryo-transferred the grid to a TEM for examina-
tion. Following FIB milling of the vitreous ice from a thickness of
approximately 1200 nm to 200-150 nm, changes character-
istic of heat-induced devitrification were not observed by TEM,
in either images or diffraction patterns. Although numerous
technical challenges remain, it is anticipated that ‘cryo-FIB
thinning’ of bulk frozen-hydratred material will be capable
of producing specimens for TEM cryo-tomography with much
greater efficiency than cryo-ultramicrotomy, and without the
specimen distortions and handling difficulties of the latter.

Introduction

The promise of high-resolution three-dimensional imaging of
isolated cells and organelles in the native state is being realized
by cryo-electron tomography of plunge-frozen, hydrated speci-
mens (reviewed, for example, in Frank et al., 2002; Steven &
Aebi, 2003; Kiirner et al., 2004 ). Extension of cryo-electron
tomography to large cells and bulk, high-pressure frozen
tissue requires thinning of vitreously frozen specimens to a
few hundred nanometres in thickness. Cryo-ultramicrotomy
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of frozen-hydrated biological specimens, developed in several
laboratories (e.g. Michel et al., 1991; Shi et al., 1996; Zhang
etal., 2004; Al-Amoudi etal., 2005), has recently been
adopted for cryo-electron tomography, and there have been
reports of successful reconstruction of frozen-hydrated liver
(Hsieh et al., 2002, 2006), yeast (Schwartz et al., 2003), iso-
lated chloroplasts (Nicastro et al., 2005) and algae (Leis et al.,
2005). However, cryo-ultramicrotomy is challenging, and the
yield of high-resolution tomograms is low. The primary prob-
lem is lack of section flatness, which results in poor attach-
ment of the sections to the support film, thereby making
collection and alignment of tomographic tilt series problem-
atic (Hsieh et al., 2002, 2006). Frozen-hydrated sections pre-
pared by cryo-ultramicrotomy exhibit other defects as well
(e.g. Richter, 1994; Al-Amoudi et al., 2005), including com-
pression in the direction of sectioning. This compression,
which is of the order of 30-50%, can cause significant distor-
tion of cell ultrastructure. As yet, there is no reliable method
either to maintain section flatness or to reduce compression in
frozen-hydrated sections prepared by cryo-ultramicrotomy
(Al-Amoudi et al., 2003; Hsieh et al., 2006).

The use of a focused ion beam (FIB) to mill frozen-hydrated
specimens to a thickness suitable for electron tomography rep-
resents a possible alternative to cryo-ultramicrotomy, one that
would avoid the artefacts and distortions associated with
mechanical sectioning. In FIB milling, material is removed
from the specimen surface by the process of sputtering. Dam-
age to the specimen resulting from direct interaction with the
ions is typically restricted to a layer that extends a few tens of
nanometres into the milled surface. For example, FIB milling
of crystalline silicon results in an amorphous surface layer
10-30 nm in thickness, which corresponds to the stopping
range of Ga* ions in silicon as determined by Monte Carlo cal-
culations (Matteson et al., 2002). Based on the predicted stop-
ping range of Ga™ ions in ‘solid water’ or muscle tissue (Ziegler
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etal., 1985), the ion interaction layer in a frozen-hydrated
biological specimen would probably extend 5—20 nm into the
FIB-milled surface, depending on accelerating voltage, ion
current and angle of incidence. As cryo-FIB thinned frozen-
hydrated specimens for TEM tomography would have a final
thickness of 100-300 nm, most of the interior of these sec-
tions should be free of direct ion-beam damage.

Another concern with FIB milling of frozen-hydrated speci-
mens is the possible transfer of thermal energy, generated
in the ion interaction layer, to the interior of the specimen.
This could locally raise the specimen temperature above the
devitrification temperature of water,—137 °C (Dubochet et al.,
1988), thereby causing formation of damaging ice crystals.
Because the specimen is kept at a temperature of about—150 °C
on a typical FIB/SEM cold stage, even a modest temperature
rise could lead to ice crystal formation.

Previously, a dual-beam FIB/SEM instrument has been used
to ion-mill frozen-hydrated biological material, and to image
the milled surfaces subsequently by SEM (Mulders, 2003;
Gestman et al., 2004). Although the milled surfaces did not
appear grossly damaged in those studies, no effort was made
to determine the state of the ice, either before or after FIB mill-
ing. Therefore, we undertook the experiments reported here to
determine whether cryo-FIB thinning of frozen-hydrated
specimens causes devitrification. Echlin (1992) notes that the
presence of additional material (the protein, lipid, etc., of the
biological specimen) would be expected to raise the devitrifica-
tion temperature by a few degrees. Thus, we used pure water
as the most sensitive specimen for this test.

Materials and methods

Water was deposited on 200-mesh copper TEM grids bearing
carbon films with regularly spaced 2-pum-diameter holes (type
R2/1; Quantifoil Micro Tools GmbH, Jena, Germany). The
grids were plunged into liquid ethane cooled by liquid nitrogen
(Dubochet et al., 1988). Polystyrene latex spheres, 200 nm in
diameter (Duke Scientific, Palo Alto, CA, U.S.A.), were added
to the water to help to maintain the frozen layer at 100-
200 nm in thickness after blotting, although local regions of
thicker ice (1000 nm or greater) were often present.

TEM images were recorded with a JEM-4000FX (JEOL Ltd,
Tokyo, Japan), operated at 400 kV accelerating voltage and
equipped with a GIF2002 energy filter (Gatan Inc., Pleasan-
ton, CA, USA). Zero-loss energy-filtered images were recorded
with a slit width of 15 eV. The underfocus setting was 15 pm,
which results in a phase-contrast transfer function with the
first zero corresponding to a spacing of 5 nm. Electron diffrac-
tion patterns were recorded, unfiltered, using a FastScan
F114 CCD camera (TVIPS GmbH, Gauting, Germany). Two
Gatan cryo-transfer specimen holders, models 626 and
CT3500TR, were used.

For the heating test, images and diffraction patterns were
recorded in the TEM as the specimen was heated from —175 to

© 2006 The Authors

FOCUSED ION BEAM MILLING OF VITREOUS WATER 43

—95°C in 10 °C steps. Images and diffraction patterns were
recorded from areas 2 um in diameter, at an incident dose of
100 ¢ nm™. Heating was carried out by adjusting the set tem-
perature of the cryotransfer specimen holder controller. There
was a 10-min waiting period after each temperature change,
during which the beam was blanked. A different area of the
specimen was used for each temperature step, but all of the
areas were within a single 90-um grid square, and well away
from the grid bars. The heating test was performed using both
626 and CT3500TR crytotransfer holders, the latter having a
stated offset of 20 °C between the indicated and actual speci-
men temperature. For general cryo-EM imaging, the Gatan
626 holder was used, with the specimen kept at —176 °C. The
initial ice thickness used for the heating test was 150 nm.

Specimens were milled in a dual-beam DB235 FIB/SEM
instrument (FEI Co., Hillsboro, OR, U.S.A.) equipped with a
Gatan Alto 2500 cryo-system. The specimen was maintained
at —150 °C, with the anti-contaminator at —170 °C. Speci-
mens were milled at a nominal angle of 75° from normal (15°
elevation angle from the ice surface). A relatively low ion-
beam current, 10 pA, was found to be adequate, allowing
milling to be performed in imaging mode, rather than in
standard milling mode, so that progress of the cut could be
monitored. The Ga* beam had an energy of 30 keV, and a total
dwell time of 38 us per pixel was used (1024 x 1024 pixels,
0.67 us dwell time per pixel, 57 frames, 40 s total milling
time). The pixel size on the specimen was 25 nm, thus at the
ion-beam current of 10 pA, the incident dose was 4 ions nm™2.
The expected range of Ga* ions into the specimen was 15 nm,
as calculated by the SRIM program (Ziegler et al., 1985), using
the model for ‘solid water’.

Ice thickness was measured by electron energy loss, using
the log-ratio method (Egerton, 1996). The absolute mean free
path of 400-keV electrons in vitreous water was taken as
400 nm, based on measurements from tomograms of frozen-
hydrated material (to be reported elsewhere), corrected for the
ratio of the mean free paths in pure vitreous water and vitre-
ous water with biological material (Shi et al., 1996).

Results

Heating of vitreous ice in the TEM

In order to provide a direct comparison between the state of ice
after FIB milling and the state of ice warmed to a specific tem-
perature in the TEM, we recorded images and diffraction pat-
terns from 150-nm-thick layers of plunge-frozen vitreous ice
as the temperature increased from —175 to =95 °C. In these
experiments, the temperature of the specimen was raised in
10 °C increments every 10 min. As shown in Fig. 1, from
—165 to —145 °C, the ice retained a smooth appearance and
the diffraction pattern consisted of the two diffuse rings charac-
teristic of vitreousice, corresponding to spacings of 0.317 and
0.214 nm. At =135 °C, spots due to Bragg diffraction from
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-165 °C

Fig. 1. Effects of temperature increase on vitrified ice. A grid of plunge-frozen water was initially maintained in the TEM at a temperature of —175 °C.
Diffraction patterns (top two rows) and images (bottom two rows) were sequentially recorded, under low-dose conditions, at the temperatures indicated.
A pair of diffuse rings characteristic of vitreous ice is the dominant feature in electron diffraction patterns at the lower temperatures (these two rings are
indicated by arrows in the —145 °C diffraction pattern). The corresponding image, below, shows the smooth, featureless texture typical of vitreous ice.
Starting at —135 °C, changes characteristic of devitrification occur in the diffraction patterns: spots caused by crystalline ice appear, and at =125 °C a
faint sharp ring (arrow) characteristic of cubic ice is seen. The corresponding images show striking texture changes. At—115and—105 °C, theice appears
completely crystalline, with prominent Bragg reflections, as indicated by the arrows. At—95 °C no ice remains. The electron-dense circles in the images at
—155,-145 and—95 °C are profiles of 200-nm-diameter polystyrene spheres.

crystalline ice were superimposed on the diffuse rings from (Dubochet et al., 1988). The observed transition from vitreous
vitreous ice, and a reticular pattern was seen in the image. to crystalline ice was consistent with the devitrification tem-
The reticular texture was similar to that observed when water perature of —137 °Creported previously for pure water (Dubo-
containing a solute was frozen too slowly to form vitreous ice chetet al., 1988). After offset correction, identical results were
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Fig. 2. FIBmilling of vitreousice. (A) SEM image of a 25-pum-wide slot (arrow) milled in a 1200-nm-thick film of vitreousice. (B) TEM image of a corner of
the slot, corresponding to the boxed region in A. (C,D) Higher magnification images of ice-covered 2-pum-diameter holes in the Quantifoil grid, as indicated
by arrows in B; arrowheads indicate small frost particles of crystalline ice, presumably formed during cryo-transfer. (E,F) Diffraction patterns
corresponding, respectively, to images C and D; these are dominated by the diffuse rings characteristic of vitreous ice (compare with Fig. 1).

obtained with the two different cryotransfer specimen
holders, supporting the accuracy of the temperature data. As
warming continued, a faint, sharp ring corresponding to the
outer (0.224-nm) spacing of cubic ice was just detectable in
the diffraction pattern at —125 °C, while in the image the
reticular pattern was consolidating into a sheet. At—115 and
—105 °C, the diffraction pattern was dominated by spots indi-
cating hexagonal ice. The images demonstrated that the ice
had consolidated into a fully crystalline sheet, and areas of
dark diffraction contrast were seen in the images. At =95 °C,
after 30 min of warming above the devitrification temper-
ature, the ice had fully sublimated. These results confirmed
that heating-induced devitrification of thin layers of ice can be
clearly and unambiguously detected, both in the image and in
the diffraction pattern.

Cryotransfer of frozen-hydrated specimens for FIB

Initial experiments with cryotransfer of the specimens into
and out of the DB-235 using the Alto cryo-system were
plagued by contamination with ice crystals (frost) that inter-
fered with determination of the state of the ice in the TEM after
FIB milling. The cryotransfer shuttle of the Alto consists of a
small vacuum chamber with a gate valve. The walls of the
chamber are at room temperature, while the cold specimen is
unprotected. The transfer time is about 10 s. During this time,
the specimen is subject to contamination, and perhaps to
warming above the devitrification temperature. We were able
to overcome this problem by constructing a special specimen
holder for TEM grids. The holder has a cover that can be closed
during cryotransfer, and allows mounting of the grid near the
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optimum angle for grazing-incidence FIB milling, without the
need to pretilt the specimen stage. After transfer of the holder
into the Alto preparation chamber, the cover is opened using
the control rod that operates the freeze-fracture knife, and the
holderis inserted into the cryo-stage. After milling, the coveris
again closed before transfer out of the FIB.

FIB milling

The results of a milling experiment are shown in Fig. 2. In the
SEM image of Fig. 2(A), a slot milled into a vitreously frozen
water film, initially about 1200 nm thick, is visible at the
arrow. A TEM image of a corner of the milled area is shown in
Fig. 2(B), with a darker, unmilled region in the upper left cor-
ner. The 2-um holes in the Quantifoil grid are clearly visible
in the milled, but not in the unmilled, areas. Two of the holes
in the milled region are shown at higher magnification in
Fig. 2(C,D). The ice layer covering the holes is smooth, and
does not show any evidence of devitrification. The reticular
pattern seen in the warming experiment (Fig. 1) is absent, and
the diffraction patterns (Fig. 2E,F) are dominated by two dif-
fuse rings corresponding to spacings of 0.317 and 0.214 nm,
which are characteristic of vitreous ice. A few spots are visible
in the diffraction patterns; these probably originate from the
small frost particles indicated by arrowheads in Fig. 2(C,D).
Occasional small frost particles are inevitable with typical
TEM cryotransfer practice. Using energy-loss imaging (see
Materials and methods), we estimated the ice thickness in the
two holes to be 200 and 150 nm in Fig. 2(C,D), respectively.
We concluded that FIB milling of the layer of vitreous ice from
a thickness of approximately 1200 nm to 200 nm did not
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heat the remaining ice layer sufficiently to cause detectable
devitrification.

The milling rate in these experiments can be estimated, but
not determined precisely, because the original ice film did not
have uniform thickness. In the field shown in Fig. 2(A), a
wedge-shaped volume of ice, approximately 200 um’, was
removed within 40s, at the relatively low ion current of
10 pA, giving an approximate milling rate of 5um’s™. In
other experiments, when varying the milling parameters over
a wide range, we found that for a given protocol the milling
rate for vitreous water was always at least 100 times higher
than that for silicon.

The conditions used in these experiments, in regard to ion-
beam energy, angle of incidence and dose rate, did not mini-
mize the depth of the Ga* ion interaction layer. In practice, by
performing final milling at 5 keV instead of 30 keV, and by
using an incidence angle more nearly parallel to the specimen
surface, the damage layer could probably be kept to around
5 nm.

Discussion

A primary goal of cryo-electron tomography is to understand
the three-dimensional macromolecular organization of the cell
in its native state. For routine application of cryo-electron tomo-
graphy to large cells and mammalian tissue, means are needed
to produce suitably thin specimens from bulk frozen material.
Frozen-hydrated sections produced by cryo-ultramicrotomy
have physical defects (lack of flatness, compression) that affect
structural fidelity and complicate collection and alignment
of tomographic tilt series. These limitations are of sufficient
concern to warrant exploration of alternative approaches to
prepare thin specimens from bulk vitreously frozen material,
such as milling with a focused ion beam.

The results presented in this report establish a critically
important fact: FIB milling of vitreous ice does not induce
heating sufficient to cause devitrification. This is a necessary
condition for cryo-FIB thinning to be considered for develop-
ment as an alternative to cryo-ultramicrotomy for preparing
thin, frozen-hydrated biological specimens for cryo-TEM.
Several key engineering challenges will need to be addressed in
order to develop this methodology further. Of foremost impor-
tance are the design of convenient stages and transfer devices,
and the formulation of milling strategies that yield geometries
that maximize tilt range and stability during tomographic
data recording, while minimizing milling time.

We estimate that, by the use of coarse rapid milling followed
by finer ‘clean-up’ milling, it should be possible to mill a speci-
men area 200 nm thick and 50-100 um square from a 200-
pum-thick block of frozen tissue in a matter of a few hours.
Mechanical pretrimming, which does not cause distortion of
the bulk specimen (Walther & Miiller, 1999) could speed up
this process. As modern FIB instruments are programmable,
allowing precise and reproducible specimen milling, several

different regions of a specimen block could conveniently be
sampled in a single specimen for TEM.

In cryo-ultramicrotomy, sections suffer from in-plane com-
pression and lack of flatness that currently can be neither
avoided nor corrected. These are the main factors that prevent
the routine application of cryo-TEM tomography to native bio-
logical tissue (Hsieh et al., 2002, 2006). Efficient production
of frozen-hydrated samples suitable for high-resolution cryo-
TEM tomography, by means of cryo-FIB thinning, would
represent a major advance in three-dimensional biological
electron microscopy.
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