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Macromolecular imaging and tomography of ice embedded samples has developed into a mature imaging
technology, in structural biology today widely referred to simply as cryo electron microscopy.1 While the
pioneers of the technique struggled with ill-suited instruments, state-of-the-art cryo microscopes are now
readily available and an increasing number of groups are producing excellent high-resolution structural
data of macromolecular complexes, of cellular organelles, or the morphology of whole cells.
Instrumentation developers, however, are offering yet more novel electron optical devices, such as energy
filters and monochromators, aberration correctors or physical phase plates. Here we discuss how current
instrumentation has already changed cryo EM, and how newly available instrumentation – often developed
in other fields of electron microscopy – may further develop the use and applicability of cryo EM to the
imaging of single isolated macromolecules of smaller size or molecules embedded in a crowded cellular
environment.

� 2015 Elsevier Inc. All rights reserved.
Introduction

The number of published structural cryo EM single particle and
tomography studies with high-resolution molecular models of
macromolecular complexes together with the number of reviews
discussing the important role of cryo EM in structural biology
clearly shows that this technology has finally come of age. More
and more work is presented at a level of resolution and functional
detail which has in the past only been expected from protein crys-
tallographic studies. Dynamic studies [1] and the ability to analyse
heterogeneous data sets [2,3] has pushed the technique forward
and has established microscopy as standard tool for structural
studies.

Looking at the early history of TEM its importance has always
been recognised, but it was also obvious, that materials
science-centred research based its activities at a much larger scale
on imaging methods. It appears to be easier to image single atoms
in their solid state environment than in a suspension of soft matter
in water. Even though it took the materials science community still
almost 60 years to finally visualise individual atoms at a resolution
better than 1 Å [4]. Thus in our biomedical field, with a very beam
sensitive sample, it is not surprising, that the way from early neg-
ative stain studies [5] to first 3D models [6], a first real molecular
3D model in a 2D crystal [7], to quasi molecular models of biopoly-
mers [8–10] (the author apologizes for this very incomplete and
subjective selection of examples) to the newest studies with high-
est spatial resolution we will discuss here have taken even longer –
and are still behind in resolution, maybe always will be.

The scope of review is to take a step back and to discuss how
this progress has been coupled to technical innovation and
advances in electron optical engineering. While researchers in ear-
lier studies had to use ill suited instruments, today we have assem-
bled enough know-how to define our state-of-the-art instrument.
This does not mean, however, that development of new technolo-
gies will end, but the discussion here intends to help defining the
decisive stepping stones of the recent years and to point out novel
ideas, which could help to improve cryo EM even more.
The early years of cryo-microscopy and initial success

When Henderson and co-workers [7] or Unwin [11] published
their membrane protein models the microscopes they used pro-
vided unique technologies for obtaining high-resolution images.
Both groups used liquid Helium temperature stages as it had been
shown, that lowering sample temperature somehow preserved
sample structure. It was common to record a huge number of
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micrographs on sheet film material and to select only the few best
images. No automated microscope operation was available and
computing workflows were adjusted to the computing power at
hand. Many obstacles had been defined, such as e.g. charging
[12,13] or the lack of high-sensitivity online-detectors. But with
time such problems were solved and even cryo ET on whole cells
was finally achieved [14].

In hindsight one has to ask now, which of the steps taken in
such studies have really been decisive? One example is the sample
temperature: The most recent studies reached highest resolution
without liquid Helium stages, in general very few groups are still
working at liquid Helium temperatures. Was it – maybe – more
important that such microscopes and sample stages showed less
vibrations and drift, simply since their design for liquid Helium
asked for less coupling to the outside environment? And thus the
microscope got so stable, that any resolution damping mechanical
vibration was eliminated?

Driven by the needs in materials science we have seen better
and better microscopes being commercially available now, and
today’s state-of-the-art cryo TEMs comprise a basic liquid nitrogen
temperature instrument, which is capable of imaging in a typical
resolution range of better than 1.5–2 Å, very stable stages with
very little drift, high brightness field emission guns, which allow
a very coherent illumination of large fields of view, low hysteresis
electron optics, which allows rapid switching between imaging
modes and thus a high level of microscope automation, and rea-
sonable online image recording by very efficient CCD cameras.
Any institution being seriously interested in setting up a function-
ing cryo EM lab can today acquire such a basic instrument.

It should be noted, however, that to obtain the excellent results
seen more and more often published now, more technology than
just a basic microscope is needed. Here we will not discuss sample
preparation in detail nor any of the modern image processing
approaches, without those none of the high-resolution results
would have happened. Instead we will focus on a few novel tech-
nologies, which are about to add momentum to cryo EM or have
started to have a large impact already.

The game changers for high-resolution imaging of cryo samples

The breakthrough of cryo electron microscopy in structural
biology has been strongly related to major advances in software
development for microscope control and automation and also to
advances in electron image recording.

From the discussion of the historical development of cryo EM it
is apparent that low-dose image recording is one key element for
high resolution structural imaging. Therefore online image record-
ing, such as was first realised with TV – and later with CCD – cam-
eras, allowed computer-controlled alignment and set-up of the
microscope for optimal imaging conditions at minimum cost of
electron dose. Additional automation of the recording process
today allows the collection of large datasets at relative ease of
use. Examples of such software suites are LEGINON [15], TOM
Toolbox [16], or several commercially available packages.

Another key to success were advances in the processing of the
recorded images and their 3-D reconstruction, in particular novel
mathematical concepts combined with the availability of large
computing power (for reviews on these topics we like to cross ref-
erence to other articles in this volume).

However, what improved the resulting 3-D reconstructions
most in the last few years was the development of direct electron
detection (DED) devices. Combined with stable high-resolution
TEMs, typically at liquid nitrogen temperature, DED cameras pro-
vide raw image data with typical intrinsic imaging resolution of
better than 3 Å. In many cases such raw data have then been pro-
cessed to about 3–4 Å resolution [17,10].
DEDs make use of advanced and radiation hardy semiconductor
circuit technology. As detection signal they collect directly sec-
ondary charges produced as electron–hole pairs by the incident
imaging electron (cf Fig. 1). These secondary charges are then
collected in confined electronic circuits defining individual image
pixels. This direct detection mechanism eliminates electron-to-
photon conversion steps, which usually add noise and thus
decrease detection quantum efficiency (DQE). In fact, the detection
mechanism is more equal to the process in negative sheet film,
where energy deposited in the emulsion also directly initiates
the chemical detection process.

As is indicated in Fig. 1b unwanted detection events are those,
which are derived from incident electrons scattered to the side
or even upwards to the top detection layer. Such backscattering
events blur the localization of the detected electron over many pix-
els and result in a drop of the modulation transfer function (MTF),
i.e. a loss in recordable spatial resolution. While DEDs are already
thin compared to conventional detectors (Fig. 1a) the MTF of
DEDs can be further improved by making the supporting layer as
thin as possible. Back-thinning (as marked in Fig. 1b, [18]) reduces
the probability of backscattered electrons and thus improves the
MTF further. Comprehensive discussion of the detection properties
for different designs of DEDs were recently published by a number
of groups [19,20].

The decisive difference between negative sheet film and direct
electron detection is the very short detection time realised by
DEDs. Frame rates for images of up to 4K�4K pixels are in the order
of ten to hundreds of frames per second (fps), at a current maxi-
mum of 400 fps in rolling shutter mode, (GATAN Inc., FEI Inc.,
Direct Electron Inc., [19]).

This movie detection can now be used to analyse specimen
movement frame by frame. Such studies have been published
recently [3,17,21,22], and they all document an extensive move-
ment of the recorded objects. Fig. 2 illustrates nicely such a study
and how sample movement and the effect of its correction are
reflected in the Power spectra of the recordings [20] and what
astonishing result can be achieved when correcting the data
(Fig. 3, [21]).

At this point we do not have a conclusive physical model for the
observed movement, which is often not uniform, even within a
small field of view. Reference [3] describes the example of ribo-
some movement in the embedding ice layer, illustrating a seem-
ingly chaotic behaviour. In addition it has been discussed that
the observed object drift in the images could also result from a ver-
tical movement of the embedding ice layer in the direction of the
incident beam [21]. In contrast to these findings recent work by
Russo and Passmore (Fig. 4, [23]), reduced sample movement con-
siderably simply by replacing carbon film by a 50 nm thick gold
film with regular holes. Further experiments may be needed to
clarify the physical mechanism for this remedy, most likely expla-
nations could be a different charge balance for carbon film vs. gold
film, as secondary electron yield will certainly be different for the
different materials.

There is no question, that movie recording and movie process-
ing has resulted in a ‘‘revolutionary’’ increase of obtained struc-
tural resolution [24]. At this point we may therefore conclude
that the combination of novel sample support and movie recording
will be the new standard for sample preparation and data
recording.

Together with the state-of-the-art cryo TEM we therefore
have an excellent technology for a wide range of macromolecules
and macromolecular complexes. It remains to be seen in future
studies, how far down in molecule size one can go now, when
sample movement is directly suppressed and thus alignment
and signal integration of individual DED frames should be further
improved.



Fig. 1. Principles of electron detection of modern CCD-type cameras and direct
electron detectors (DED). (a) Comparison of typical conventional CCD detection
devices, which need to convert the incident electron into photons, and the novel
DEDs, which can integrate or count electrons without any additional conversion step.
Such a conversion step introduces additional noise and thus reduces detection
quantum efficiency (DQE). DEDs allow also for much thinner devices, which reduces
back-scattering of electrons into neighbouring pixels of the detector, i.e. it improves
the modulation transfer function (MTF). (b) Typical electron path in a DED. Shown is a
typical back-scattering path of an incident electron and where electron–hole pairs are
produced. These secondary charges are then collected in the nearby pixels, so that in
general more than one pixel detects an incoming electron. Depending on the
thickness of the device layer structure, more or less adjacent pixels will collect
secondary charges from back-scattered electrons. It is therefore advantageous to
make the supporting layer as thin as possible (back-thinning horizon) to reduce the
probability for back-scattered electrons. Copyrights: Figure (a) adapted from http://
www.gatan.com/techniques/digital-imaging, figure (b) adapted from [18], Elsevier,
Inc.
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We conclude, that our current state-of-the-art cryo TEM instru-
mentation and direct image recording devices form an excellent
technology base for routine structural work on reasonably sized
macromolecular complexes to obtain 3D reconstructions of up to
3 Å resolution.
Is there more innovation to go beyond the current state-of-the-
art?

Up till now we have discussed results obtained with advanced,
but readily available technology, which is considered to be the
standard for macromolecular imaging in structural biology and
also for high-resolution cryo electron tomography. But when
comparing these microscopes to high-end instruments used in
materials science major differences are found. Besides the com-
mon microscope parts such as field emission guns, multi lens
condenser systems, constant power lenses, and high end signal
recording we find, that for reaching highest structural resolution
and for imaging individual atoms additional electron optical
devices such as high brightness field emission guns (XFEGs),
monochromators, aberration correctors, and imaging energy fil-
ters have been developed.

In the following we want to assess what help such advanced
electron optical devices could bring to cryo EM. The driving ques-
tions to answer are:

– Can molecular structure determination be made even simpler,
at the same time reaching higher and higher resolution?

– What additional or improved object signals could be used for
this?

– If there are improvements could we extend single particle pro-
cessing to particles and molecules smaller than those studied
today?

– Will higher resolution be possible with less particles, either by
recording tomograms of ‘‘a few’’ single particles followed by
sub-tomogram averaging, or by recording only a small number
of projection images of a typical particle suspension but with
extremely high, possibly atomic structural information?

In particular the last question is of greatest importance, as
structural information about macromolecules and macromolecu-
lar complexes also in their native, crowded intracellular environ-
ment would in many cases give completely new biological
insight. ‘‘In-situ’’ microscopy is one of the highlights in materials
science EM and in the sense of ‘‘inside the cell’’ it will certainly be
a future key technology in biomedical research. Thus to identify a
given type of macromolecular complex in a cellular tomogram in
a sufficiently high number of copies to allow for subsequent aver-
aging to obtain its structure in a crowded environment would be
very rewarding. To reach this goal with tomograms contrast and
obtainable resolution of the 3D reconstruction need to be further
optimised – of course by optimising the recorded 2D projection
images. The interesting question is therefore how available
instrumentation not yet commonly used in macromolecular cryo
EM can help to reach the goal of imaging individual molecules
‘‘in-situ’’, here meaning in the context of other molecular
ensembles.

Energy-filtering as means to reduce background and to gain contrast

The improvement of image contrast when using energy filters,
and thus removing inelastically scattered electrons by the
so-called ‘zero-loss’ imaging, has been studied for a long time
[25–27]. To understand energy filtering and to assess which sam-
ples will gain from zero-loss imaging we may consider electron
diffraction on crystalline samples. Fig. 5 shows typical ‘zero-loss’
and unfiltered electron diffraction patterns together with the accu-
mulated statistics of detected reflections. In this particular study
[28] 2D monolayer crystals were compared with thin 3D crys-
talline platelets. The energy filtered patterns show a stunning
reduction of background and the reflection spots can be seen
‘‘much better’’. To be quantitative, however, it is necessary to look
at the spot statistics (Fig. 5, lower row): For energy filtered patterns
(red) a larger number of spots is found at high intensity to back-
ground ratio – and thus improved statistics. This is particularly
pronounced for the thicker sample, where additional inelastic scat-
tering occurs, but to a lesser extent also observable for the 2D
monolayer crystal. These findings reflect well the common experi-
ence, that energy filtering is mandatory for electron tomography
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Fig. 2. Effect of movie recording and frame alignment on the information content of recorded images. Shown are two recordings with very little (left column) and
considerable (right column) sample drift. The uncorrected Power spectra (top row) of integrated image signals show the typical loss of information in drift direction (loss of
contrast for Thon rings), in particular for the large drift in x-direction (right column, middle panel). When individual frames of the movie-like recordings are aligned and drift
is corrected before averaging, high resolution information in the Power spectra is regained. It is isotropic as demonstrated by the complete and high-contrast Thon rings
(bottom row) Copyrights: Figure adapted from [20], Nature America, Inc.

Fig. 3. Effect of movie recording and frame alignment on the image resolution. The images illustrate an uncorrected average of a movie recording (a) and the averaged image
after sample drift correction (b). The improvement in resolved detail of the virus sample is obvious. Copyrights: Figure adapted from [21], Elsevier, Inc.
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Fig. 4. Comparison of obtainable resolution for a macromolecular complex imaged on a conventional holey carbon support or on a gold foil with holes. For this study [23] a
40-fold reduction of the movement of samples in ice is discussed. Shown in the graph is a two phase movement with a stabilization of the movement for the gold substrate
beyond 6 electrons/Å2 (80S ribosomes as samples). The reconstruction of apoferritin imaged on carbon support (grey) has a resolution of about 25 Å (gold standard FSC), while
imaging on gold support improves the resolution of the reconstruction (gold) to 8 Å. Copyrights: Figure adapted from [23], Science Magazine, AAAS. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Effects of electron energy filtering as seen in electron diffraction patterns of 2D bacteriorhodopsin (a, left column) and thin 3D (b, right column) crystals of the F41 core
fragment of flagellin [28]. The diffraction patterns are shown for the zero-loss energy filtered recording (right half of pattern; first exposure) and the unfiltered recording (left
half of pattern; second exposure). The intensity statistics of the 4 patterns (lower row) demonstrates better statistics for spot intensities in case of zero-loss filtering. Since
inelastic scattering is the dominant scattering reaction for organic materials, the positive effect of zero-loss filtering increases with sample thickness. Copyrights: Figures
adapted from [28], Elsevier, Inc.
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work, where at high tilt angles very thick objects have to be
imaged. Imaging of thin samples on the other hand seems to ben-
efit only little.
A slightly different view of the importance of energy filtering
can be deduced from Fig. 6. In this study [29] bacterial flagellae
were imaged with and without energy filtering. After careful



Fig. 6. Comparison of sample contrast and reconstructed 3D high-resolution densities for zero-loss energy filtered and non-filtered imaging. A detailed analysis of flagella
images recorded at 300 keV electron energy and their 3D reconstruction was published in [29], which emphasised the increase of amplitude contrast contributions for zero-
loss filtered images. This should result in an attenuation of lower spatial frequencies and thus better visibility of the objects. The direct comparison of the images shows
indeed a slightly better general visibility of the flagellae in the zero-loss filtered image. This increased amplitude contrast is also reflected in an improved radial density
distribution as can be seen from the comparison of two high-resolution reconstructions (lower row). Here the ‘zero-loss’ reconstruction shows an overall better fit of the
molecular model into the density at both, lower and higher radius. Copyrights: Figures adapted from [29], Elsevier, Inc.
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analysis of the reconstructed 3D densities and the fit of the known
protein structures it is found, that ‘zero-loss’ energy filtering
increases amplitude contrast of the sample [29,30]. This is reflected
in somewhat better visibility of filaments (Fig. 6, upper row), but
more importantly it is reflected in the modified radial density dis-
tribution of the 3D reconstruction. When comparing the overall fit
of molecular model to the density (Fig. 6, lower row) it is found,
that the reconstruction of the ‘zero-loss’ filtered images encloses
the molecular protein models better when looking at low and high
radius simultaneously.

An explanation of this result can be found when considering the
behaviour of typical contrast transfer functions (CTFs) at low spa-
tial frequencies, as shown in Fig. 7a. Pure phase contrast samples,
such as ice embedded protein, show very little intrinsic amplitude
contrast, and thus – as the phase contrast CTF approaches zero –
image information at low spatial frequencies is lost. Any bit of
increased amplitude contrast will therefore add information about
the object at low spatial frequencies. This is the case for ‘zero-loss’
imaging but also – and to a much larger extent – for physical phase
plates, which will be discussed later.

In mathematical terms the effect of energy filtering is therefore
described in the framework of the CTF as an increase in amplitude
contrast, i.e.
Phase information transfer by:

pCTFðkÞ ¼ �2sincðkÞ

whereas the amplitude part needs to be modified as:

aCTFðkÞ ¼ �2coscðkÞð1þ zero-loss contributionÞ;

where the wave aberration of the electron wave can conventionally
be written as:

cðkÞ ¼ p=2ðCsk
3k4 � 2Dzkk2Þ;

where Cs denotes the spherical aberration and Dz denotes the defo-
cus, k being the electron wave length. In general phase and ampli-
tude information will depend also on the spatial frequency k [31],
and in the case of energy filtering there is an additional difference
between the frequency dependence of the elastic and inelastic
interaction [30]. A number of publications have studied this in
detail and a comprehensive discussion of them is found in [29].

Should everybody therefore use energy filtered imaging? From
the results discussed so far the answer had to be yes, if current
energy filters were completely free of image distortions or other
electron optical aberrations, which affect the electronic wave used
for imaging. These aberrations will add spatial frequency
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dependent phase shifts, which change image information and thus
reduce obtainable resolution.

The extent of this reduction depends on filter design, imaging
conditions, and the size of the recorded field of view. At the same
time energy filtering increases amplitude contrast of the objects,
i.e. single particles are better visible and early stages of image pro-
cessing such as particle picking and initial model building is
improved. As has been shown here these improvements are
depending on the sample and also depend on the level of resolu-
tion one considers: The added zero-loss filter contrast [30] affects
only resolution below about 1.5 nm, otherwise zero-loss reduces
background, which can lead to an increased signal to noise ratio.

Current energy filters will not affect atomic imaging across
small fields of view, but will reduce obtainable resolution if data
are globally averaged without careful analysis of aberration
induced phase shifts in the images. The necessity and effect of such
aberration correction can be illustrated best when discussing high
resolution reconstructions from spherical aberration corrected
TEMs, as is discussed in the next section.

Aberration correction as tool to visualise smallest molecular features
and to improve contrast

The correction of electron optical aberrations of electron lenses
had been defined as most important step to atomic imaging right
from the beginning of microscope development [32]. But in fact,
it has – also for technical and engineering reasons – been a long
road to the first successful correction of spherical aberration [33],
which showed an actual improvement of microscope resolution.
In recent years the vast number of studies in Materials Science
using aberration corrected TEMs is overwhelming, and the
state-of-the-art TEM for materials-related studies cannot be imag-
ined without aberration correction – either in the imaging (TEM) or
the illumination (STEM) pathway.

The situation is slightly different for biological microscopy, and
only now the first studies utilising aberration corrected cryo TEM
[34,35] are being published. One obvious reason for this is the
low availability of suitable instruments, but it is also the high level
of resolution one needs to obtain to demonstrate the usefulness of
aberration correction. The advantage of aberration correction is
largest when imaging individual atoms [36], which is well illus-
trated by Fig. 7(a). Here different contrast transfer functions
(CTFs) are shown for a conventional microscope. The upper panel
illustrates imaging under Scherzer defocus, which will give highest
available resolution but at the same time very little phase contrast
at lower spatial frequencies. Scherzer defocus may have its merits
for atomic resolution imaging in materials science, but for
weak-phase biological objects embedded in ice lower spatial fre-
quencies are essential for particle recognition and alignment and
thus a larger underfocus is usually applied. This leads to a strong
damping of information transfer at higher spatial frequencies, as
is illustrated in the lower panel of Fig. 7(a). It is important to
understand, that the envelope function with its functionality:

envelopeðkÞ ¼ expð�ðpCsk
2k3 � pDzkÞ

2
a2

i =ln2Þ;

where ai denotes the illumination angle, will be dominated by the
defocus term �Dzk, i.e. the transferred signal strength will be inde-
pendent of Cs-correction if typical defocus values of cryo micro-
scopy are applied. Fig. 7(b) illustrates also, that at a resolution
level of about 2.5–3 Å – even for imaging close to focus – there is
no significant improvement of information transfer with aberration
correction.

An increased overall signal is only to be expected at a resolution
better than 2.5 Å. For imaging conditions close to focus the infor-
mation transfer corresponds to CTFs with broad transfer bands
and a maximum better than 1.5 Å resolution (blue and dark blue
curves), which – for pure phase contrast objects – have at the same
time negligible information transfer at low spatial frequencies
(object details larger than 5 Å). In materials science such high spa-
tial frequency CTF’s can be considered ideal, but for weak phase
and beam sensitive organic molecules embedded in ice the lack
of low spatial frequency information is unacceptable. Therefore
such samples have to be imaged at a typical underfocus of
0.5–1.5 lm (cyan CTF).

Why should then the correction of the spherical aberration help
when imaging e.g. ribosomes embedded in ice? Figs. 8 and 9
(adapted from [35]) illustrate this in an obvious way: A highly
oscillating CTF, resulting e.g. from defocusing, corresponds to a
strong contrast delocalisation, i.e. a single atom’s contrast will be
distributed in an oscillating point spread function (PSF) many Å
in diameter, mainly driven by strongly alternating object phases
as obtained from recorded images. Modern single particle image
processing techniques will correct for this phase oscillation by
their implemented CTF-correction, as long as the phase contrast
CTF (pCTF) can rigorously be described by a predefined formula
which can be found in many textbooks as:

pCTFðkÞ ¼ �2sincðkÞ;

where the wave aberration c depends on the spatial frequencies k
and is in general given by:

cðkÞ ¼ p=2ðCsk
3k4 � 2Dzkk2 þ higher order termsÞ;

with the common notation as introduced before [31]. The aberra-
tion coefficient Cs for spherical aberration is often also denoted as
C3, while Dz often is called C1, which links the order of the aberra-
tion coefficient to the order of k (next coefficients then C5, C7 and so
on).

The higher order terms in k depend also on higher order aberra-
tions such as axial and off-axial koma (K), higher order astigmatism
(e.g. A3 as third order axial astigmatism) and others [37]. They also
depend on the radial distance of the imaging electrons from the
optical axis and grow fast, if spatial frequencies or radial distance
grow. In the past such higher order terms did not matter as neither
obtainable resolution nor fields of view were that large. Therefore
in the past a commonly used pCTF for macromolecular imaging
would certainly neglect any higher order term. But it is obvious
from recent reviews, e.g. [24] that new electron detectors, better
sample preparation and image processing software has finally
pushed limits to such an extent, that aberration correction is
becoming useful. Even though the experimental data base is lim-
ited Fig. 8 from [35] illustrates, that locally calculated pCTFs (yel-
low boxes) show oscillations (Thon rings) going out to higher
resolution than in a global average (red box). This indicates, that
imaging conditions were not identical between the different yel-
low boxes, i.e. slight variations of the wave aberrations of the
imaging electron waves lead to destructive interference and loss
of object information. Or in more intuitive words: The roundness
and spacing of the Thon rings at very high resolution does no
longer follow the simple pCTF formula including only terms in
defocus and spherical aberration. One has to remember, that mod-
ern correctors in general try to minimize a set of aberrations, in
particular correctors for spherical aberration need to correct coma
as well to provide large fields of view at high resolution [38]. Many
more experiments will be needed to pinpoint the limiting higher
order aberration in this particular experiment, but it is obvious
from the calculated Zemlin tableau in Fig. 8, that the wave aberra-
tion g(k) was kept almost flat to about 2.1 Å resolution (purple ring
in numerical phase plate). Thus pCTF correction of fields of view of
a certain size, ideally of each individual single particle image to
also correct for the difference in defocus due to the position in



Fig. 7. Properties of contrast transfer functions (CTFs) under different imaging conditions for uncorrected (a) and corrected (b) Transmission Electron Microscopes. (a) Typical
CTFs for an FEI KRIOS cryo TEM with a spherical aberration Cs of 2.7 mm. Shown are the CTF and the envelope function taking into account finite Cs and illumination angle. As
illumination angle a typical low dose setting for a conventional Schottky-FEG was chosen. The upper panel shows the case for Scherzer defocus at 200 keV, i.e. 82.3 nm
underfocus. This represents a typical imaging setting for atomic resolution microscopy at a non-corrected TEM in materials science. For biological weak-phase objects
embedded in ice much higher underfocus values are more common, the lower panel therefore shows the CTF resulting for 1000 nm underfocus. Note the strong damping of
signal transfer, which is mainly the result of the high defocus. The finite, uncorrected Cs has very little effect when a high defocus is applied, thus the CTF for a corrected TEM
looks basically identical (not shown separately here, as for 1000 nm underfocus the curves overlay almost perfectly). (b) Effect of Cs-correction on the contrast transfer
function (CTF) and its envelope function when imaging close to focus. It should be noted that from the CTF- and envelope function-behaviour alone the observed
improvement of reconstructed resolution in the range of 2.5–3 Å [36] cannot be explained (cf text), the changes in the envelope functions at about 3 Å resolution are
negligible even close to focus. Copyrights: Figure (b) adapted from [36], Elsevier, Inc. and figure (b) adapted from [35], Nature Publishing Group, Macmillan Publishers
Limited.
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the ice layer, could be performed to very high resolution – in fact to
a resolution better than 3 Å. Fig. 9 illustrates the quality of the
reconstruction obtained with clear densities for water molecules
coordinating metal ions, or methyl groups, which had not been
resolved before, even in X-ray crystal structures.

In view of these new and excellent data we can conclude, that –
while technical implementation of aberration correction has been
very difficult – it starts to have now a certain impact in our macro-
molecular imaging field. In contrast to the use in materials science
cryo imaging of macromolecules still needs to image at quite high
defocus, but aberration correction can help to minimize non-
canonical (i.e. non Cs and Dz) contributions to the wave aberration
and thus allows pCTF correction at very high resolution.
Will physical phase plates end our struggle for contrast?

As has been discussed in the previous section an ideal pCTF will
not oscillate and thus not delocalize atomic contrast; but we have
to pay for this by a negligible phase information transfer at low
spatial frequencies (cf Fig. 7(a) (Scherzer CTF) and 7(b), blue CTF
curves).

It has been discussed [39] that the combination of aberration
correction and physical phase plates will in the future provide ideal
imaging for any weak phase object, either for high resolution imag-
ing of macromolecular complexes embedded in a thin ice layer or
in a whole vitrified cell. Such a physical phase plate copies the orig-
inal ideas of Frits Zernike for light microscopy [40] and has long



Fig. 8. Effect of the correction of spherical aberration Cs on quality and information content of obtained images. (a) Zemlin-Tableau, numerical phase plate, and (b) Power
spectra of different image areas from a recent cryo EM study on ribosomes demonstrating about 2.7 Å resolution. When correcting aberrations it is possible to image to about
2.1 Å resolution (less than 45� at about 14 mrad, magenta circle overlay on numerical phase plate in (a), cf text) under conditions, which add only little electron optical phase
shift (wave aberration). Imaging is still constrained by residual higher order aberrations, which is indicated by the loss of Thon rings at high resolution when averaging across
the whole field of view (global Power spectrum in (c), red box) instead of individual small areas (Power spectrum of yellow boxes in (b)). Copyrights: Figures adapted from
[35], Nature Publishing Group, Macmillan Publishers Limited. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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been discussed as the ideal contrast enhancement device for TEM
(see reviews [41,42]). Despite a large number of technical obsta-
cles, such as difficulties to micro-fabricate phase plates, contami-
nation and charging of phase plates in the electron beam, as well
as difficulties when trying to align the device for routine operation,
phase plate imaging has made a tremendous progress over the
recent years.

The basic idea of phase plate imaging is simply to add a relative
phase shift between scattered and unscattered electron beam, or –
in an equivalent wording using the previously introduced wave
aberration c(k) we want to add another phase contribution, which
is different for forward propagation (on axis propagation = unscat-
tered part the electron wave) and off-axis propagation (scattered
beam). The formula for the pCTF changes then to:

pCTFðkÞ ¼ �2sincppðkÞ;

with

cppðkÞ ¼ p=2ðCsk
3k4 � 2Dzkk2Þ þ /ppðkÞ:

Note that for simplicity we neglect again any higher order aber-
ration term. Depending on the additional phase shift /pp(k) we can
now modulate the resulting shape of pCTF and also that of the
amplitude CTF (aCTF):

aCTFðkÞ ¼ �2coscppðkÞ:

As one obvious choice one would like to have a constant 90�
(p/2) phase shift independent of spatial frequency k and the addi-
tional wave aberration corrected also to zero, which then would
result in an optimal phase contrast transfer:

pCTFðkÞ ¼ �2sincppðkÞ ¼ �2sin ð0þ p=2Þ ¼ �2cos ð0Þ ¼ �2
and likewise eliminate amplitude contrast by:

aCTFðkÞ ¼ �2coscppðkÞ ¼ �2cos ð0þ p=2Þ ¼ �2sin ð0Þ ¼ 0:

Such a constant, non oscillating signal transfer for phase infor-
mation is very attractive. As has been discussed before, amplitude
contrast contribution is about one order of magnitude lower than
phase contrast, thus the elimination of amplitude contrast is no
practical obstacle for the imaging with physical phase plates. It
should also be noted, that the additional effective amplitude con-
trast induced by zero-loss energy filtering (see section above), can-
not be eliminated by applying a physical phase plate. Instead this
may lead to a general signal reduction, but phase plate imaging
with inelastically scattered electrons is extremely difficult and only
preliminary studies are available so far [43].

To realise the described optimised phase contrast three types of
phase plates are actively used and studied: Film phase plates using
the inner potential of a matter film for shifting electron phase
(Fig. 10), electrostatic phase plates based on an electrostatic
Einzel lens design (Fig. 11), and – most recently – film phase plates,
which use local charging as phase shifting entity (Fig. 12).

Structured and non-structured carbon film [44] has been used
(as well as spider web fibres [45]) in the 1950s and 1960s to pro-
duces physical phase plates, but none of the studies has produced
reliable devices usable for routine operation. This changed in the
late 1990s with the availability of focused ion beam milling, when
Nagayama and coworkers for the first time produced homoge-
neous carbon film with a small hole of about 1 mm diameter
(‘‘Zernike-type’’ phase plate, Fig. 10a [46]). With such carbon phase
plates a large number of experiments demonstrated the concept, in
particular the 90� phase shift and its advantageous effect on phase
contrast. In one of the first examples of single particle



Fig. 9. Details of the reconstructed ribosome density of study [35] derived from a Cs-corrected cryo TEM compared to electron densities obtained at similar resolution by
protein crystallography and X-ray diffraction. (a) resolved density for Mg2+ ion (green) coordinated with water molecules (oxygen atom in red) (b) density for resolved
methyl-group (c) comparison of EM and X-ray densities illustrating the different definition of methyl groups and Mg2+/water coordination between the two density maps.
Copyrights: Figures adapted from [35], Nature Publishing Group, Macmillan Publishers Limited. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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reconstructions [47] (Fig. 10b) the better visibility of macromolec-
ular complexes in the phase plate images (lower row) is obvious. In
this study Danev and Nagayama also showed that as a result of the
better contrast less particles are needed for a 3D reconstruction
when compared to conventional brightfield data collection relying
on defocused images. In the last years a number of other groups
have used carbon film phase plates and shown excellent results
in particular for tomography [48–50]. Murata and coworkers [48]
found, however, that – depending on electron energy and neces-
sary carbon film thickness for the 90� phase shift, a loss in high res-
olution signal beyond about 7 Å is observed. The conclusive
experiment is still missing, but from the physics of the imaging
process it seems likely that the additional elastic and inelastic scat-
tering events in the matter film lead to signal loss and dynamical
imaging, i.e. imaging by multiple interactions instead of one single
elastic interaction event. This will then affect highest resolution
most. It should also be noted that bringing a matter film into the
electron beam in the diffraction plane causes electric charging of
the film and makes it soon unusable for any phase contrast imag-
ing. Numerous studies have worked on this problem but no general
remedy has been found so far (cf paragraphs below on hole-free
carbon film phase plate).

An alternative approach was suggested already by Boersch in
1947 [51]: A localised electric or magnetic potential is used for
manipulating the phase of the electron wave. The advantage of this
kind of phase plate is the tunability of the applied potential. This
allows to manipulate the applied phase shift and thereby to recon-
struct the exit wave [52,53] – a typical electron holographic
method – or simply to manipulate contrast by changing between
positive and negative phase contrast. Both, magnetic [54,55] and
electric potentials [56–60] have been realised, but in general such
Boersch-type phase plates are hampered by their large beam
obstructing microstructures placed in a diffraction plane of the
microscope, e.g. the back focal plane of the objective lens (cf.
Figs. 10a and 11a). With such devices different proofs of concept
have been published [56,57], but only recently [61] it was verified
that a tunable phase contrast can indeed be obtained. For these
experiments a modified electrostatic phase plate was used (Zach
phase plate [60], Fig. 10b), which should reduce obstructing effects.
In fact this phase plate showed positive and negative phase con-
trast of an ice embedded protein for the first time. Still, this ‘‘phase
pin’’ shows very strong single sideband contrast. This type of con-
trast is produced when blocking out one half of the diffracted elec-
trons in the diffraction plane and will always appear as dark object
on a brighter background. This is illustrated in Fig. 11c for actin fil-
aments embedded in ice. Filaments aligned in such a way, that
their diffraction signal is positioned orthogonal to the obstructing
‘‘phase pin’’ do not show tunable contrast. Another interesting fea-
ture of this particular electrostatic phase plate is the use of a highly
inhomogeneous potential [60], and a priori it is not trivial that such
a potential can be used as phase plate. More quantitative experi-
ments will be necessary to prove the usability of such a concept
in a quantitative way, which may lead to completely obstruction
free implementations of magnetic and electrostatic phase plates
[55,62].

A very recent development step of the film phase plate is the
hole-free implementation of it, a simple homogeneous carbon film
in the diffraction plane (Fig. 12a). This was first suggested by [63],
together with a possible explanation of the working mechanism
(Fig. 12b). It is expected that the incident electron beam induces
local charges and the developing electric potential is then used as
phase shifting ‘device’. This charge develops over time, depends also



Fig. 10. Principle and typical imaging results of a carbon film Zernike phase plate. (a) A thin carbon film with a small hole in it [46] is typically placed in the back focal plane of
the TEM objective lens. As indicated the unscattered part of the incident electron wave is focused in the hole, while scattered electrons, i.e. the part of the electron wave,
which interacted with the sample, are focused in the carbon film. The inner potential of the film accelerates these scattered electrons and introduces an additional relative
phase shift between scattered and unscattered beam. In the case of an additional 90� shift this results in increased phase contrast as described by Zernike [40]. (b) Comparison
of GroEL raw images, single particle classification (class averages) and final 3D reconstruction obtained with a Zernike film phase plate [47] demonstrates improved contrast
of individual particles and also of class averages for the phase plate images (lower row). Although the 3D reconstruction derived from phase plate images was obtained from a
smaller number of particles than the reconstruction derived from conventional imaging (upper row) it shows a similar degree of detail. Copyrights: The figure of the carbon
film in (a) is adapted from [46], figure (b) from [47], both Elsevier, Inc.
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on heating of the carbon film and possible contamination and is
therefore not easy to reproduce quantitatively. Danev and cowork-
ers [64] found a stable regime of operation for this
quasi-electrostatic phase film, now called ‘‘Volta phase plate’’.
Fig. 12c shows the tremendous improvement of contrast between
in-focus Zernike-type carbon film (with hole) in Fig. 12c, panel i,
even after image processing to reduce fringing effects and to
increase the phase contrast effect (Fig. 12c, panel ii), and the identi-
cal object with the new ‘‘Volta’’ phase plate (Fig. 12c, panel iii). The
difference between these images can largely be attributed to fring-
ing effects and a delayed spatial onset of the improved phase con-
trast. These effects have been described as cut-on frequency
effects of the hole in the carbon film [65]. Now that the hole is
replaced by a localised electrostatic potential such fringing artefacts
are eliminated and a ‘‘typical’’ phase contrast image is produced.

An excellent first application of the Volta phase plate is discussed
in [66,67] and Fig. 12d, where whole cell tomograms were pro-
cessed and proteasomes as model complex inside the cell were anal-
ysed. This clearly shows the potential of the method and it is certain
that we shall see more work done with this kind of phase plate.

To complete the discussion on phase plates it is helpful to
define again the needs of macromolecular cryo TEM imaging
and/or cryo ET: In principle the goal is to obtain the highest reso-
lution possible of the macromolecular complex we want to study.
Phase plates may help to reduce the number of particles for larger
complexes, but will not improve obtainable resolution beyond
what is possible with conventional methods. For smaller com-
plexes, however, which otherwise may not be studied as single
particles at all they will enable application of current techniques.
In cryo ET on the other hand, the signal of the complex studied will
generally be low, and thus any improvement of contrast helps. This
last statement is true at the moment, but it can be expected, that
subtomogram averaging will push limits and soon film phase
plates will limit resolution in cryo ET as well. It is therefore neces-
sary to explore magnetic and electrostatic phase plates further and
to develop also other types of phase plates, such as the pondero-
motive phase plate [68]. The latter implementation of a phase
shifting device uses again a localised electro-magnetic field to
manipulate the electron wave: But instead of using matter-based
electrodes or magnets it uses a very strong laser beam focused into
the back focal plane of the objective lens to interact there with the
electrons. It will be interesting to see all these new ideas finally
tested experimentally – even if it will take more time to see their
routine applications.



Fig. 11. Two examples of electrostatic phase plates of the ‘Einzel lens’ type [56,60]. This type of phase plate uses the potential of a miniaturised electrostatic lens, which is
built as layered device (inserts in (a), Boersch phase plate, and (b), Zach phase plate). Although their operation and alignment in the microscope is difficult electrostatic phase
plates have the advantage, that the applied additional phase shift is variable, i.e. the phase contrast can be tuned. An example of this tuneable contrast for actin filaments in
ice [61] is shown in (c). Note the contrast reversal for the filament in the red box (upper row of images). This experiment also shows the problem with current electrostatic
phase plates, their strong, anisotropic single sideband contrast: The filament in the blue box (oriented at about 90� to the ‘red-boxed’ filament) cannot be tuned in contrast, as
the single sideband contrast enforces a negative phase contrast impression. Copyrights: Figure (a) as adapted from [56], Elsevier, Inc., figure (b) from [60], Cambridge
University Press and figure (c) from [61], Cambridge University Press. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Conclusion or ‘‘Is there more to come in the near future?’’

The success of electron microscopic techniques in modern
structural biology is impressive. Starting from different technolo-
gies, developers and ‘early adopters’ have pushed the limits of
object detectability, obtainable resolution, and ease of use of
microscopes, detectors, and data processing software. Today the
typical single particle study on a medium to large sized macro-
molecular complex can be performed with a combination of read-
ily available innovative technology.

With this picture in mind it looks as if no more creativity is
needed, except – maybe – some incorporation of specialised tech-
niques into a generalised workflow, such as including phase plates
or aberration correction into common microscopes. The
ground-breaking applications seen here seem to have paved the
way for this to happen in the near future.

However, when looking at some details of the publications dis-
cussed here, this simple picture needs to be revised: Some incon-
sistencies point out that we still do not understand in particular
the alterations induced in our sample by the electron beam. This
was illustrated in [23], where sample movement was hugely
reduced simply by the use of gold support film. But this study also
revealed two phases of movement, an early fast moving phase fol-
lowed by the transition to a slow-moving phase after a certain
electron dose had accumulated. This shows that some physics or
chemistry is happening, which so far is not understood.



Fig. 12. Hole-free carbon film phase plates. (a) At first sight continuous carbon film seems to introduce a relative phase shift between unscattered and scattered electron
beams. It was noted before, however, that electron irradiation will charge up the film, depending on beam intensity, temperature of the film and possibly also its specific
atomic composition and hybridisation state [63,64]. Therefore, under certain conditions a stable and localised potential will build up, which can be used for phase shifting
electrons. This Volta phase plate [15] shows superior imaging properties, in particular a reduction of fringing artefacts (c): Here panel i shows a typical Zernike film phase
plate image of lacy carbon film, in panel ii some effects of the fringing are reduced numerically. Panel iii shows the same object area recorded with the Volta phase plate. In
Figure (d) cryo ET data are shown from Volta phase contrast tomograms [66]. The large image shows a typical field of view of a cellular tomographic data set; inserts show
nine slices through the reconstructed subtomogram of individual 26S proteasome particles, two of them double capped (left/right boxes) and one single capped (middle box).
Copyrights: Figure (b) as adapted from [63], Elsevier, Inc., figure (c) from [64], HighWire Press, and figure (d) from [66], Science Magazine, AAAS.
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Interestingly this transition dose was identical for carbon or gold as
supporting film, which may indicate that the process we are look-
ing for is happening in our sample, not in the support film.

Another contradiction concerns image recording: While movie
processing, i.e. the processing of individual frames recorded with
the DED with very short exposures, was claimed to be crucial for
the obtained resolution [17], a simple integrated image recording
at higher dose led to even higher resolution [35].

Another fact, which is widely accepted in the cryo TEM commu-
nity, is also currently challenged by results obtained in materials
science. As has been shown many times biomolecules seem to be
destroyed rapidly under the electron beam, regardless of sample
preparation. Nakamura and co-workers on the other hand [69],
have published movies of single organic molecules, studying the
kinetics of conformational changes under the electron beam – all
this even at room temperature. Why is this not working for our
biomolecules? What are the specific damage mechanisms which
on the one hand allow the imaging of individual organic molecules
at almost atomic resolution and on the other hand rapidly destroy
protein structure by clipping off side chains from amino acids?
May we even need to give up sample preparation in an embedding
ice layer?

To answer these questions more experiments need to done
and new technologies in sample preparation have to be explored,
e.g. highly conductive support films (such as gold [23] or carbon
nano tubes [69]). But also new imaging techniques may hold
interesting new answers. TEM imaging at electron energies below
the carbon knock-on energy may be helpful [70], even though
first studies point out [71] that our conventional ice embedded
samples are not suited for such an imaging regime because
inelastic scattering will dominate image formation. Using inelas-
tically scattered electrons for imaging in an chromatic aberration
corrected microscope will not improve this situation. First exper-
iments have shown that a quantitative high-resolution object
reconstruction may be very difficult or even not possible at all
[72,73].

Last but not least the imaging community may need to learn
from short-pulse diffraction techniques such as femto-second
X-ray diffraction [74,75], which may be interesting to implement
in a future cryo TEM [76].
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Macromolecular imaging has come a long way from the first
negative stain single particles, sucrose embedded 2D crystals,
imaging at 4 K liquid Helium temperature to direct electron detec-
tion, aberration corrected imaging and physical phase plates. This
success has been closely connected with improvements in electron
optics and the engineering of microscopes. Learning more about
the physics and chemistry of our samples seems to be the natural
next step in innovation to render cryo TEM an even more versatile
tool in structural biology.
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