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Abstract Modern cell biology is reliant on light and
fluorescence microscopy for analysis of cells, tissues and
protein localisation. However, these powerful techniques
are ultimately limited in resolution by the wavelength of
light. Electron microscopes offer much greater resolution
due to the shorter effective wavelength of electrons,
allowing direct imaging of sub-cellular architecture. The
harsh environment of the electron microscope chamber and
the properties of the electron beam have led to complex
chemical and mechanical preparation techniques, which
distance biological samples from their native state and
complicate data interpretation. Here we describe recent
advances in sample preparation and instrumentation, which
push the boundaries of high-resolution imaging. Cryopre-
paration, cryoelectron microscopy and environmental scan-
ning electron microscopy strive to image samples in near
native state. Advances in correlative microscopy and
markers enable high-resolution localisation of proteins.
Innovation in microscope design has pushed the boundaries
of resolution to atomic scale, whilst automatic acquisition
of high-resolution electron microscopy data through large
volumes is finally able to place ultrastructure in biological
context.
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Overview

The properties of the electron beam dictate both the
environment of the electron microscope chamber and the
physical properties of the specimen to be imaged. Electrons
are easily scattered by the molecules in air, and so electron
microscopes operate under a vacuum. Biological samples
are mainly composed of light elements (carbon, hydrogen
and oxygen), which have low electron density and therefore
low contrast in the electron beam. Additionally, in the
transmission electron microscope (TEM) the sample must
be thin enough for the electron beam to penetrate in order to
form an image on a detector below (Fig. 1a), whereas in the
scanning electron microscope (SEM) the sample must be
conductive in order for the electron beam to scan the
surface layer without charge build-up or excessive heating
(Fig. 1b). Traditional sample preparation techniques were
designed to address these challenges (Fig. 2).

The first step in preparing a biological sample for
electron microscopy (EM) is to stabilise or ‘fix’ the
macromolecular structure. Primary fixation for routine
biological EM is achieved by chemical cross-linking of
proteins using aldehydes [52]. Secondary fixation with
osmium tetroxide reduces extraction of lipids and introdu-
ces contrast due to deposition of the heavy metal onto
membranes [68, 89]. Tannic acid [69] and uranyl acetate
[44, 87] may be incorporated as secondary or tertiary
fixatives to improve membrane contrast. However, infiltra-
tion of chemicals can be slow and limits sample size to
approximately 1 mm3.

Microwave-accelerated immobilisation [100] has been
used to increase the penetration rate of chemicals into
samples and improve preservation through volumes. Cell
monolayers can be fixed in a sub-minute timescale,
improving preservation of cytoskeleton and raising the

A. E. Weston :H. E. J. Armer : L. M. Collinson (*)
Electron Microscopy Unit, London Research Institute,
Cancer Research UK,
44 Lincoln’s Inn Fields,
London WC2A 3PX, UK
e-mail: lucy.collinson@cancer.org.uk

J Chem Biol (2010) 3:101–112
DOI 10.1007/s12154-009-0033-7



possibility of studying dynamic processes [81]. Plant
material can be notoriously difficult to infiltrate due to the
thick cell wall, but using microwave technology sample
preparation times can be reduced from more than 3 days to
just 5 h [105]. However, the use of microwaves in cell
biology EM is in its infancy, and further development of
protocols and investigation of microwave-induced artifacts
is required [102].

Samples must then be protected against structural
collapse in the vacuum of the EM chamber. In conventional
processing for TEM this is achieved by embedding the
sample in a liquid resin and polymerising to create a hard
block. Most resins are not miscible with water so the
sample first needs to be dehydrated using solvents, which
can cause artifacts due to shrinkage. There are many
commercially available resins, the most common being
the epoxy resins, which polymerise uniformly, suffer
negligible shrinkage during polymerisation and are rela-
tively stable under the electron beam making them a
popular embedding medium for routine TEM [70]. Once
polymerised, the block is cut into sections thin enough for
the electron beam to penetrate (typically 50–200 nm) using
an ultramicrotome and a glass or diamond knife. This
process can introduce sampling artifacts as an ultrathin
section may represent only 0.5% of the thickness of a single
cell, as well as mechanical artifacts in the form of knife
marks, compression and chatter. The sections are floated
onto a water bath, picked up on EM grids and post-stained
with heavy metals to enhance the contrast of various sub-

cellular structures. Common post-embedding stains include
lead citrate [83, 99] and uranyl acetate [49, 99]. Although
necessary for good contrast in the final image, heavy metals
can cause additional artifacts in the form of precipitation.

In SEM, samples are typically protected against struc-
tural collapse in the vacuum by full dehydration. This can
be achieved using simple chemical evaporation from
hexamethyldisilazane or by critical point drying (CPD). In
both cases the aim is to avoid the damaging effects of
surface tension on ultrastructure. CPD is carried out in a
temperature- and pressure-controlled chamber that is able to
reach a critical point at which there is no apparent
difference between the liquid and the gas state of the
transitional medium (in this case carbon dioxide) giving
zero surface tension. However, in both techniques dehy-
dration may lead to shrinkage artifacts [12, 13]. Once fully
dehydrated the sample is mounted onto a stub and coated
with a conductive material (most commonly gold or
platinum) to enhance surface detail and ameliorate distor-
tion and excessive heating caused by charging of non-
conductive samples during electron beam imaging.

Routine TEM and SEM can produce informative and
visually arresting images of biological samples, but at each
step in processing, the samples are subjected to harsh
treatments that can induce artifacts. These may be accepted

Fig. 2 Flow diagram of sample preparation techniques for electron
microscopy. Traditional chemical fixation, staining and resin embed-
ding procedures protect biological samples against the harsh environ-
ment of the EM chamber but induce processing artifacts.
Developments in cryopreservation and cryo-EM minimise processing
and preserve samples closer to their native state. Environmental SEMs
take high-resolution imaging a step closer to native state using
hydrated samples at ambient temperature

Fig. 1 Schematic overview of transmission and scanning electron
microscopes. a Samples must be cut into ultrathin sections in order for
the electron beam to transmit and form an image on the detector in the
TEM (Micrograph - stacked membranes of the Golgi apparatus). b In
the SEM, the electron beam is scanned over the surface of the sample
to produce topographical or compositional information from the
surface layer only (Micrograph - Drosophila melanogaster compound
eye). D detector
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and tolerated by the experienced electron microscopist but
can easily lead to misinterpretation or masking of the data.
Recent advances in sample preparation have focused on
imaging proteins, cells and tissues as close to their native
state as possible in the demanding environment of the
electron microscope.

Advances in sample preparation techniques

Currently, the most effective alternative to chemical fixation
is cryofixation (Fig. 2). All freezing methods have the
common aim of preserving the sample in as life-like a state
as possible. This is achieved by removing heat at such a
rapid rate that water molecules form amorphous vitreous
ice, thus avoiding the destructive effects of crystalline ice
on cellular ultrastructure. When the vitrification tempera-
ture is attained by rapid freezing, viscosity reaches a level
which prevents movement, thus immobilising all the
molecules in a cell within milliseconds [72].

The limitation of most freezing methods is the depth of
vitrification. Several microns of good freezing can be
achieved by rapidly slamming the sample onto a cooled
metal block or plunging into a cooled cryogen (usually
liquid ethane, propane or nitrogen). This method was first
used in observations of a viral suspension embedded in a
vitrified layer of water [1].

Alternatively, high-pressure freezing (HPF) at around
2,000 bar using a jet of liquid nitrogen can vitrify to a
depth of around 200 μm (Fig. 2) [93]. HPF is particularly
suited to fixation of samples with thick cell walls such as
yeast [74], Caenorhabditis elegans [73, 101] and plant
tissues [16] as well as fast fixation of volatile cellular
components including cytoskeleton and coat proteins [84].
Intriguingly, a recent report suggests that plunge freezing
of specimens in sealed capillary tubes may achieve
comparable vitrification to HPF due to pressure build-up
in the confined space [57].

In order to image the frozen sample in a standard EM,
the sample must be brought to room temperature and
embedded in resin. An organic solvent, usually acetone or
methanol, is substituted for the vitreous ice at temperatures
below −90 °C in a process known as freeze substitution
(FS) [10]. The exact temperature at which fixation takes
place during FS is not entirely clear but is believed to be
somewhere between −50 and −30 °C [90]. At these low
temperatures protein and lipid molecules do not have
sufficient thermal energy to move so many of the fixation
artifacts seen at room temperature that are avoided [54]. A
variety of FS protocols have been reported in the literature,
optimised for a wide diversity of biological samples, many
involving the addition of gluteraldehyde, osmium or tannic
acid as fixatives or membrane stains [65]. To date, no single

protocol or group of protocols has emerged as a ‘standard’
for processing biological samples by FS.

HPF has proved to be critical in studies of organelle
biogenesis. Weibel–Palade bodies (WPBs) are organelles
found in endothelial cells, which play a central role in the
initiation of inflammation and haemostasis. Whilst WPBs
can be imaged in aldehyde-fixed cells (Fig. 3a), volatile
elements, including coat proteins and the content protein
Von Willebrand factor (VWF), are only preserved well by
HPF (Fig. 3b) [106]. Delineating the formation of WPBs
and the folding of VWF is crucial in understanding the role
of these organelles in platelet recruitment during wound
healing. HPF has also been invaluable in the study of foot-
and-mouth disease virus (FMD) where FMD virions cannot
be detected within infected cells prepared by routine
processing methods. By contrast, high-pressure freezing of
cells revealed clusters of viral particles in association with
membrane-bound vesicles allowing further study of FMD
infection [71].

Towards native-state imaging in the electron microscope

Development of liquid nitrogen and liquid helium-cooled
cryo-EM stages has allowed frozen samples to be imaged
without the need for chemical fixation, dehydration, heavy
metal staining or FS. In cryo-TEM, imaging is again limited
by the ability of the electron beam to penetrate the sample and
by the need to reduce the interaction of the electron beamwith
the specimen. Frozen hydrated samples larger than 1 μmmust
be sectioned at low temperature (typically −140 °C) in a
cryoultramicrotome prior to imaging [24]. Cryoelectron
microscopy of vitreous sections (CEMOVIS) [1, 4, 11, 25]
requires advanced technical and interpretative skills [26]
and despite removing chemical artifacts, mechanical
artifacts including knife marks and crevasses remain [5].
However, the results can be quite exceptional and with no
chemical fixation or staining there is, at the present time,
no comparable EM technique for viewing biological
samples in near native state and at unprecedented
resolution (Fig. 3c, d) [5, 11, 107]. This technique has
led to the discovery of a novel branched tubular structure
containing lamellar material and a new ribosome complex-
like structure not previously seen by classical EM
techniques [76].

In addition, imaging protein structure itself is a major
element of modern electron microscopy. Negative staining
with ammonium molybdate, uranyl acetate, uranyl formate,
phosphotungstic acid, osmium tetroxide or osmium ferri-
cyanide has traditionally been used to image ultrasmall
biological samples including viruses, bacteria, membranes
and proteins at high resolution [36, 37]. However, drying of
the macromolecules and subsequent coating with heavy
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metals induces artifacts as already described for large
samples. Cryo-TEM of macromolecules is now becoming
routine and has the advantage that specimens are observed
without chemical fixation, staining or coating whilst
minimising radiation damage. Problems may arise due to
the inherently low contrast of biological macromolecules,
and although new techniques combine negative stains with
cryofixation to increase contrast, stain-based artifacts
remain an issue [2, 17].

Many laboratories now use energy-filtering TEM
(EFTEM) to overcome the challenges of viewing frozen
samples with inherently low contrast (Fig. 4). EFTEM can
be used in two ways to enhance information from an
unstained cryo-TEM sample. Firstly, devices can be
adjusted to select for zero-loss electrons (zero-loss filter-
ing), which can significantly increase the signal-to-noise
ratio to improve contrast on unstained samples. Secondly,
in electron energy loss spectroscopy (EELS), electrons

which have lost a specific amount of energy can be selected
using an adjustable slit to build an image of elemental
distributions within a sample. In the 1980s, EELS was
frequently used by biologists for elemental mapping, with
particular application to the composition of regulated
secretory granules and elemental distribution along the
regulated secretory pathway [27, 56].

Using EFTEM, beam damage to the frozen sample is
minimised by electron dose control, allowing cryoelectron
tomography (CET) to be used in the study of heterogeneous or
non-symmetrical samples at high resolution. In CET, images
are collected over a tilt series, usually ±70°, and reconstructed
into a high-resolution three-dimensional (3D) volume through
the depth of the sample [35, 60]. CET has emerged as a 3D
imaging technique to bridge the information gap between
X-ray crystallography and optical microscopy methods. CET
allows investigation of the structure–function relationship of
molecular complexes and supramolecular assemblies in their

Fig. 3 Comparison of different sample preparation techniques for
electron microscopy. a TEM image of a routinely processed HUVEC
showing WPBs (arrows) forming at the trans-Golgi network (TGN),
compared with b TEM image of a high-pressure frozen and freeze
substituted HUVEC showing improved preservation of volatile elements
including coats and protein tubules in forming WPBs (arrow). c TEM
image of desmosomes (arrows) in routinely processed tissue culture
cells compared with d TEM image of desmosomes (arrows) prepared by

CEMOVIS showing improved resolution and near native state preser-
vation. e Immunogold localisation of secretogranin in dense granules in
PC12 cells, imaged by TEM. f Immunogold labelling of the plasma
membrane of an immune cell (asterisk) demonstrating membrane
transfer across the immune synapse, imaged by backscattered electron
imaging in the SEM. Bars=200 nm except f=1 μm. a, b Adapted with
permission from [106]. d Image courtesy of Dr. Ashraf Al-Amoudi,
EMBL
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cellular environments without fixation, dehydration, embed-
ding or sectioning artifacts.

Similarly, many of the artifacts associated with sample
preparation for SEM can be avoided by imaging frozen
samples on a cryo-SEM stage. Sucrose may be used as a
cryoprotectant when imaging the internal structure of large
specimens by freeze fracture, whereas plunge freezing into
nitrogen slush (approximately −210 °C) usually provides a
sufficient depth of vitrification when imaging the sample
surface. Cryo-SEM also carries the additional advantage that
samples sensitive to dehydration may be imaged [47]. Speci-
mens are preserved much closer to their fully hydrated native
state, as demonstrated in work by Walther [98] where 10-nm-
diameter filaments attached to the inner membrane of the
nuclear envelope of Xenopus laevis stage VI oocytes were
shown to be composed of distinct globular sub-units of
approximately 5 nm in diameter, arranged in a helical manner
with right-handed periodicity. This could not be seen using
room temperature preparation protocols and analysis and
enabled identification of the filaments as F-actin.

The ultimate aim of native-state imaging is to view fully
hydrated, chemically unmodified biological samples at high
resolution in the electron microscope. A promising solution
is wet SEM, where a hydrated sample is placed in an
electron transparent, pressure-resistant capsule and then
imaged in a conventional SEM using a backscattered
electron detector. This technique has yet to be fully
exploited but has achieved resolutions between 10 and
100 nm and is suitable for samples that are adversely
affected by dehydration using organic solvents, including
lipid-rich structures and hydrated gels [31].

Innovations in microscope design have led to environ-
mental or variable pressure SEM (ESEM or VPSEM),
which allows a gaseous environment in the chamber [91].
Fully hydrated insulating biological samples can be imaged
at room temperature and without the need for coating with
conducting elements. The atmosphere in the chamber is

carefully controlled to ensure that water evaporation or
condensation does not take place, although this condition
may be deliberately manipulated in order to follow the
natural state of a sample as it undergoes the hydration and
dehydration process. Although processing artifacts have
been reduced to an absolute minimum, as with all EM
imaging, there is still a possibility of electron beam damage
to the sample. Also, as there is no fixation step, there is the
possibility of movement of molecules within cells, cell
degradation and eventually cell death.

A comprehensive study was carried out on yeast cells to
monitor radiation damage under high and low vacuum
conditions, with and without electron beam exposure in
ESEM. Fully hydrated yeast cells survived longer, but were
more severely affected by electron-induced radiation
damage, under low vacuum conditions [82]. A second
report showed that it is possible to view unfixed, fully
hydrated and uncoated cells with no dehydration effects for
extended periods (in some cases even hours) but the user
must have good knowledge of their sample. The osmotic
pressure and rate of water loss from the specimen needs to
be known to achieve this task [75, 92].

Although the potential of ESEM for imaging biological
samples is yet to be fully realised, application to in situ
tissue engineering studying endothelial cell retention and
differentiation on biomaterial surfaces in hydrated condi-
tions has been demonstrated [8].

Locating areas of interest

Fluorescence microscopy revolutionised cell biology by
allowing localisation of proteins in cells, thus generating
vital information as to their function. In general, protein
localisation may be studied either in intact cells using
clonable reagents like green fluorescent protein (GFP) or by
detergent permeabilisation of cells followed by immuno-

Fig. 4 Comparison of zero-loss
imaging and electron energy
loss spectroscopy. a In zero-loss
imaging mode, the selecting
aperture allows only transmitted
electrons to reach the detector.
This increases contrast and
improves resolution for thick
sections due to the elimination
of scattered electrons. b In
EELS, the selecting aperture is
moved, and the accelerating
voltage of the TEM is increased
to select for electrons that were
slowed down by their interac-
tions with a specific element
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labelling with fluorescent marker-conjugated antibodies.
Even considering recent breakthroughs in super resolution
light microscopy which circumvent the diffraction limit [42,
45, 48], electron microscopy is required to image protein
localisation in direct relation to cell ultrastructure.

Protein localisation in EM is challenging. Good preser-
vation of sample morphology is often at odds with local-
isation of target molecules—antigens may be destroyed or
masked by harsh fixation and staining conditions, while
detergent permeabilisation disrupts membrane ultrastructure.

Markers must be electron dense and discrete from the
contrasting agents used to visualise sample morphology
(Fig. 5). Clonable markers include GFP, which can be
detected using photooxidation [32], and the enzyme
horseradish peroxidase (HRP), which produces an electron
dense reaction product when treated with diaminobenzidine
and hydrogen peroxide (Fig. 5) [46]. This strategy is
optimised when the tag resides within the lumen of a sub-
cellular compartment so that the reaction product is
concentrated in a small volume. Recent work has led to
the development of a new clonable marker based on the
metal-binding protein metallothionein, which binds directly
to gold salts during freeze substitution to produce electron
dense particles, although endogenous metallothioneins may
cause background labelling [22, 67].

Cells can be permeabilised for pre-embedding immuno-
labelling with weak detergents such as digitonin or saponin,
which maintain recognisable cell ultrastructure but lead to
loss of cytosolic constituents. Antigens on the cytosolic

side of membrane-bound compartments become accessible
to direct or indirect detection using antibodies conjugated to
electron dense particles, usually colloidal gold with a
diameter of 5–20 nm [20]. Samples may also be immuno-
labelled post-embedding using a hydrophilic methacrylate
resin, although detection efficiency is often significantly
reduced as only those antigens available at the resin surface
will be labelled.

Cryosectioning and immunolabelling is the most elegant
method currently available for protein localisation although
it is labour intensive, requires a high level of skill and is
critically dependent on good primary antibodies. Alde-
hydes, in particular glutaraldehyde, can cause antigen
denaturation by cross-linking proteins internally. For this
reason a light fix of paraformaldehyde only is usually used
with some sacrifice of ultrastructural preservation [34].
Support is provided by gelatin, and the sample is
cryoprotected in 2.3 M sucrose, mounted on pins, frozen
in liquid nitrogen and sectioned using a cryoultramicrotome
[94, 95]. Sections are picked up on a solution of sucrose
and methyl cellulose [58], placed onto a formvar-coated EM
grid and immunolabelled. In the absence of harsh chemicals
and resins, antigens are better preserved and more accessible
to immunolabelling (Figs. 3e and 5). Recently, cryosection-
ing has been used in combination with HPF to localise
proteins in cells, tissues [96] and yeast whilst maintaining
excellent morphological preservation [33].

Correlative light electron microscopy (CLEM) is be-
coming more popular in the quest to link fluorescence data

Fig. 5 Examples of strategies
for localisation of proteins in
cells and tissues for EM. Direct
and indirect immunolabelling
uses antibodies specific for the
protein of interest, conjugated
to an electron dense marker
(usually colloidal gold) for pre-
embedding labelling of permea-
bilised cells, post-embedding
labelling onto hydrophilic resins
and immunolabelling of cryo-
sections. Clonable markers, in-
cluding HRP and green
fluorescent protein (GFP), can
be converted to electron dense
products that can be detected in
the EM. CLEM is most efficient
when used with markers, which
can be detected in both the light
and electron microscope includ-
ing quantum dots and fluorona-
nogold. Quantum dots are
illustrated to show approximate
shape in EM as well as colour in
the fluorescence microscope

106 J Chem Biol (2010) 3:101–112



to high-resolution morphology. Simple correlation can be
made by growing cells on glass coverslips photo-etched
with a grid. Relocation of the cell of interest post-
embedding is critically dependent on careful mapping of
cell position by light microscopy. Fluorescence data can
then be overlaid onto the EM images to correlate the area of
interest and identify the sub-cellular location of the
fluorescent marker [79]. This technique is most informative
when using dual detection markers which appear in both
fluorescence microscopes and EM, for example fluorona-
nogold with silver enhancement for EM detection [15] and
quantum dots [19, 30] (Fig. 5).

Recent advances in HPF equipment and accessories [65]
have made it possible to record a live event by fluorescence
video microscopy, transfer the sample to the high-pressure
freezer for cryofixation within 4 s and image the same event
in EM with excellent preservation of ultrastructure. This has
been applied to the study of multivesicular bodies (MVBs),
which are highly dynamic sub-cellular organelles involved in
protein sorting to the degradative and recycling cellular
pathways. Fluorescence video microscopy was used to image
MVBs until a membrane was observed budding from one
structure and fusing with an adjacent structure, at which
point the sample was immediately high-pressure frozen. The
area of interest was relocated post-embedding and identified
as a tubular profile attached to the MVB via an open
connection, suggesting a mechanism for protein sorting [97].
The development of a cryofluorescence microscope enables
visualisation of the fluorophore after HPF and CEMOVIS
and prior to imaging in cryo-EM for correlation of protein
localisation with near native-state preservation [85, 86].
Direct imaging of fluorescent molecules in situ in an EM is
the ultimate realisation of CLEM. Integrated laser electron
microscopy has taken the first steps towards this by feeding a
laser line into the goniometer of a TEM [3] to image UV-
induced nuclear structures in apoptotic cells [53].

Similarly, cell surface antigens may be immunolabelled for
analysis in the SEM. Backscattered electron imaging detects
markers like colloidal gold due to high atomicmass. Detection
of 5–20-nm particles has been made possible by advances in
high-resolution field emission SEMs and high-resolution ion
beam coaters. SEM imaging of immune cells with 20-nm gold
particles decorating the cell surface has been used to
demonstrate intercellular transfer of membrane between
natural killer cells and target cells across the immune synapse
(Fig. 3f) [104], believed to be a key step in immune cell
communication during immune surveillance.

Resolution versus sample size

In all imaging techniques the sample volume has an inverse
relationship to the achievable resolution. This is due to

physical laws governing the penetration of light and
electrons through the sample. In order to achieve highest
resolution in any imaging modality the sample size must
therefore be physically reduced. However, this introduces
sampling artifacts and masks interactions between cells and
their environment in 3D space. This is a particular problem
when dealing with cells, tissues and whole organisms,
which are complex and heterogenous.

Even in the most powerful scanning TEMs, the
maximum section thickness that can be imaged is approx-
imately 1 μm [59]. A section thickness larger than the mean
free path of the electrons leads to a large contribution from
inelastically scattered electrons causing blurring in the final
image. Energy filtering can offer some remedy: When
operated in a zero-loss mode the inelastically scattered
electrons can be removed, and contrast is improved even in
an EM operating at conventional voltages (80–120 keV)
[35] (Fig. 4). For thick biological specimens, due to the
wide maximum spectrum observed (100–300 eV) many
researchers now use most probable loss filtering [50, 80].

Electron tomography is also severely limited by section
thickness—due to geometry a specimen with a thickness of
only 200 nm at 0° tilt will increase in thickness to 585 nm
at 70° tilt. Tomography also suffers from several artifacts
including the ‘missing wedge’. This can be partially
overcome by using a dual axis holder, leading to a reduced
‘missing pyramid’ of information [6, 62] or by post-
acquisition software calculations [9]. Recent innovations
include a 360° holder, which can collect a full tilt series
from a cylinder of material produced by ion milling [51].

Serial sectioning and imaging of the sample may be used
to collect data through volumes in excess of 1 μm. This
technique is achievable in a standard biological EM
laboratory but is time consuming and has many difficult
and rate limiting steps. Artifacts include chatter and
thickness variation during sectioning, folds or tears in the
sections, staining artifacts and differences in orientation
between sections and consecutive grids. Images must be
realigned using software and corrections made for differ-
ences in brightness and contrast, orientation and stretching
or contraction between sections, often leading to a reduced
field of view in the final reconstruction [38]. A serial
tomography strategy [88] has been successfully used to
collect data from serial semi-thin sections to analyse the
Golgi apparatus in a pancreatic beta cell line [61].
Nevertheless tomography, serial sectioning and serial
tomography studies tend to be limited to a thickness of
less than 5 μm, which is frequently less than the thickness
of a single cell. Where studies of larger volumes have been
undertaken, they have required many electron microscopists
working over many years to cut, image and analyse
thousands of sections, as in the reconstruction of neurons
in C. elegans [103].
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Recent innovations have led to a paradigm shift in
high-resolution imaging of large volumes of biological
samples. These techniques exploit different sectioning
methods to cut and image slices of material automati-
cally, thus minimising artifacts and speeding up the
process whilst freeing the operator to perform other
work. In general, samples are prepared as for traditional
TEM. Much of the work in this area has been driven by
neurobiology, where traditional EM cannot cope with
the conflict between volume imaging of complex neural
networks and high-resolution imaging of neuronal
connections [41].

Atomic force microscopy (AFM) has been integrated
with ultramicrotomy to sequentially scan the block face of

resin-embedded samples at high resolution following each
sectioning cycle. AFM phase contrast is generated by local
variation of the viscoelastic properties of the sample so that
heavy metal staining is no longer required, although
interpretation of ultrastructure is therefore more complex.
As sections are collected after cutting, correlative AFM/
TEM can be used to link macromolecular information to
more traditional high-resolution images [29, 63, 64].

Automatic tape-collecting lathe ultramicrotomy (ATLUM)
automatically sections and collects embedded tissue on a long
carbon-coated tape for imaging in an SEM. Volumes as large
as tens of millimetres can be collected at 50-nm section
thickness and imaged with a lateral resolution of 5 nm [40].
The development of ATLUM has been targeted towards

Fig. 6 Comparison of tradition-
al TEM and SEM with volume
EM. a–d Tumour cells invading
in response to stromal fibro-
blasts in a collagen I/matrigel
matrix (samples courtesy of
Dr. Erik Sahai, Cancer Research
UK London Research Institute).
a TEM image of cells gives
high-resolution information but
represents only an ultrathin sec-
tion through a large sample. N
cell nucleus, Ma matrix. b SEM
image of a freeze fracture plane
through the sample, which gives
3D information from the surface
but lacks high-resolution infor-
mation through the volume. c
Serial images from a dataset of
219 images, automatically col-
lected by focused ion beam/
scanning electron microscopy
(FIB/SEM). The contrast has
been inverted to resemble tradi-
tional TEM images. d 3D re-
construction (Amira software,
Visage Imaging Inc.) of the full
FIB/SEM dataset showing x, y
and z orthoslices, giving high-
resolution information through
the volume of the sample to aid
analysis of cell–cell contacts
(data acquisition in collaboration
with Dr. Andreas Schertel, Carl
Zeiss NTS Gmbh). Bar (a, b)
2 μm, (d) 1 μm
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producing a map of the entire neural circuitry (connectome)
of the human brain.

Two additional techniques section the sample in situ
within the chamber of an SEM. In focused ion beam SEM
(FIB/SEM) [18, 43, 55] and serial block face SEM (SBF/
SEM) [14, 21, 77] a slice of material is removed, and the
revealed surface is imaged using the scanning electron
beam. This cutting and imaging process is repeated
sequentially to automatically collect a stack of high-
resolution images through the sample (Fig. 6). In the FIB/
SEM a gallium ion beam, which is inherently destructive, is
used to ‘mill’ or ‘sputter’ away material, whereas the SBF/
SEM uses a modified ultramicrotome inside the SEM
chamber to remove material using a diamond knife. A
backscattered electron detector is used to image the heavy
metal staining of the tissue [18, 66].

Although FIB/SEM and SBF/SEM give similar results,
the mechanism of in situ sectioning means that the two
techniques have distinct but complementary applications.
Ion beam milling is currently limited by speed and surface
area but can be targeted to specific areas, mill slice
thicknesses down to ~10 nm and cut through materials
with different hardnesses in a single sample. In contrast, the
diamond knife can cut larger surface areas and the speed of
cutting is high and independent of surface area, but section
thickness is limited to ~25 nm. Lateral resolutions of 4 nm2/
pixel have been achieved in the FIB/SEM [55]; however
the slight sacrifice in resolution compared to TEM is likely
to be outweighed by the increased volume of data when
studying large biological samples. SBF/SEM and FIB/SEM
have recently been used in series to locate a minute area of
interest within a whole organism. Live confocal microscopy
was used to follow fluorescent developing blood vessels in
a transgenic zebrafish to the point of fusion between two
adjacent vessels. SBF/SEM was then used to create an atlas
of the microanatomy of the organism, and FIB/SEM was
targeted to area of interest to image the ultrastructure of the
fusion event [6], representing a volume of just 3 μm3 in a
total volume of ~12,600,000 μm3—the proverbial ‘needle
in the haystack’.

At present the artifacts arising from FIB/SEM of
biological samples remain largely uncharacterised.
Computer-based modelling can be used to analyse the ion
beam/material interaction for simple crystalline materials
[78] but biological materials stained with heavy metal and
embedded in resin are heterogenous and complex. Effects
due to gallium ion implantation, anisotropic milling,
curtaining and the interaction volume of the electron beam
must be taken into account [23]. Even so, FIB/SEM is the
most flexible of the volume EM techniques. The ion beam
is capable of cutting through materials of different
hardness, a property which has been exploited to map the
interaction of soft biological tissues with titanium-based

biomedical implants [28]. Areas of interest can be identified
and excised as thin wafers or cylinders for subsequent
tomographic analysis in a TEM by in situ lift-out [43]. FIB/
SEM of frozen hydrated biological materials is under
development, and although this is technically challenging
it finally offers the possibility of linking high-resolution
volume and near native-state electron microscopy [28, 39].

Conclusions and future outlook

Excellent sample preparation is absolutely critical in cell
biological electron microscopy for delivery of meaningful,
accurate results. Major technical breakthroughs in cryopre-
paration, cryomicroscopy, high-resolution and volume EM
are pushing the boundaries of imaging. However, with each
new microscope advance and preparation technique comes a
new raft of artifacts, which must be carefully characterised.

A current major challenge lies in the quantity of data
produced by automated high-resolution and volume EM.
Thousands of images of proteins, cells and tissues can be
collected in a matter of hours or days. A concerted effort is
now required to improve data storage, processing, analysis and
interpretation through developments in computer software and
hardware to make best use of the information generated.

Nevertheless, high-resolution ultrastructural imaging is
coming ever closer to visualising proteins, cells and tissues
in their native state at unprecendented resolution and in true
biological context. Application of different imaging media to
biological specimens, from light and electrons to new micro-
scopes utilising X-rays and ions, will allowmultiple properties
of a single sample to be mapped across 3D space and time.
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