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Abstract

Three-dimensional (3D) structural analysis is essential to understand the relationship between the
structure and function of an object. Many analytical techniques, such as X-ray diffraction, neutron
spectroscopy, and electron microscopy imaging, are used to provide structural information.
Transmission electron microscopy (TEM), one of the most popular analytic tools, has been widely
used for structural analysis in both physical and biological sciences for many decades, in which
3D objects are projected into two-dimensional (2D) images. In many cases, 2D-projection images
are insufficient to understand the relationship between the 3D structure and the function of
nanoscale objects. Electron tomography (ET) is a technique that retrieves 3D structural
information from a tilt series of 2D projections, and is gradually becoming a mature technology
with sub-nanometer resolution. Distinct methods to overcome sample-based limitations have been
separately developed in both physical and biological science, although they share some basic
concepts of ET. This review discusses the common basis for 3D characterization, and specifies
difficulties and solutions regarding both hard and soft materials research. It is hoped that novel
solutions based on current state-of-the-art techniques for advanced applications in hybrid matter
systems can be motivated.

1. Introduction

1.1. The Electron Microscope: A Brief History

The development of transmission electron microscopy (TEM) started with the concept of
matter waves founded by Louis de Broglie in 1924.[11 The wave nature of the electron was
later proven by electron diffraction in 1927. After Hans Busch showed that a magnetic field
can deflect electrons, the concept of the electromagnetic lens was developed in 1926,[2:3]
and the first TEM was invented by Ernst Ruska in the early 1930s.l1 TEM quickly
surpassed the resolution of the light microscope due to the shorter wavelength of high-
energy electrons compared to visible light (Figure 1a).[]

TEM was greatly improved with the development of electron sources exhibiting smaller
energy spread and improved coherence. Early TEM instruments used heated W-cathodes
consisting of a VV-shaped hairpin geometry as an electron source (Figure 1b) with a ca. 100
um tip radius.[4] In the 1970s, a LaBg crystal was developed as an improved electron source
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with a higher brightness, lower energy width, and lower operating temperature, and
ultimately improved the imaging resolution (Figure 1c). In the late 1980s, a new-generation
electron source, the field-emission gun (FEG), was developed for even better resolution.
Cold FEGs have a sharp W tip (Figure 1d) to concentrate the electric field and do not require
heating. Their excellent electron-emission capability is offset by a short lifetime and the
need for ultra-high vacuum conditions. A more recently developed source, called a Schottky
FEG, utilizes a Zr coating on the sharp W tip to provide most of the advantages of field
emission without the need for an ultra-high vacuum. Today, both LaBg and FEGs are
predominately used as electron sources providing significant improvements in beam
coherence, energy spread, brightness, and source lifetime. Through these improvements,
TEM has achieved a resolution better than 4 A for hard and soft materials (Figure 1a).[°]

Despite the developments in electron sources, TEM reached a resolution limit imposed by
physical lens aberrations as predicted by Scherzer.[10] This motivated two approaches to
further improve resolution. One approach was to increase the accelerating voltage to ca. 1
MeV to reach very small electron wavelengths.[21] The other approach is to correct the lens
aberrations as proposed by Scherzer.[*2] Despite numerous attempts over several decades,
the implementation of a lens-aberration corrector finally achieved an improvement in
resolution to 1.4 A in the late 1990s.[6:13.14] Recent successes in aberration correction have
provided the ability to image atoms at 0.5 A resolution (Figure 1a).[15]

In parallel with developments in TEM, scanning transmission electron microscopy (STEM)
was introduced by Crewe et al.[16] to image heavy atoms supported on a light-atom carbon
substrate. Early developments enabled STEM to provide high-contrast images of soft and
hard materials.[17:18] Recent developments have pushed STEM to atomic resolution, making
it a widely used tool for nanoscale analysis.

1.2. The Need for Three-Dimensional Analysis

TEM and STEM are capable of directly imaging structures at nanometer length scales.
However, the two-dimensional (2D) images produced are projections from the inherent
three-dimensional (3D) structure of the sample. Early on, it was realized that retrieving the
missing third dimension was required to determine the functionality of many structures.[1%]
This requirement led to the development of 3D-reconstruction techniques from 2D
projections.[20] The development proceeded mostly separately in physical and biological
sciences based on differences in the objects of interest, the required resolution, and the
radiation tolerance.

Physical-science investigations in TEM seek to determine the morphology (size and shape)
and distribution of elements in a structure to determine its functionality, which usually
requires atomic resolution.[2X] As the ability to control matter at small length scales
progressed, such as in microelectronics and nanotechnology, investigations at such high
resolution using 2D-projection images became difficult due to the overlap of critical features
in such images.[22] Physical sciences needed to analyze nanoscale features in 3D to
determine their effect on mechanical and electrical phenomena that occur at small length
scales. 3D nanoscale analysis using TEM and STEM can now provide feedback to
technological-development cycles in physical sciences.
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Biological sciences in TEM seek to understand how biomolecules carry out their biological
function through their physical structure. The structure includes the atomic spatial
distributions, orientations, and interactions within and between biomolecules.[23] However,
determination of the atomic-resolution structure of biomolecules is extremely challenging by
TEM. Radiation damage limits the illumination dose and signal-to-noise ratio (SNR) in
TEM imaging,[24] which usually hinders high-resolution structure analysis. Even so, low-
resolution 3D structures are still valuable for answering important questions in biology.
Fortunately, many biological specimens possess high symmetry,[17] and the building blocks
of structures, such as a-helices, f-sheets and amino acids, can be used to enhance the
information obtained from lower-resolution 3D reconstructions of biological samples.[2%]

1.3. The Development of 3D Electron Tomography

The term tomography has been used to describe the process of “imaging by sections”.[26]
The mathematical concepts of electron tomography (ET) to reconstruct a 3D volume (or
density map) from a set of 2D projections was first proposed by Radon in 1917.[27] Despite
this early mathematical foundation, it was not practically applied for 3D reconstruction until
1956 in astronomy using a set of projections of the Sun from the Earth.[28] The first non-
cosmic application was conducted by Oldendorfl2%] in 1961 for medical imaging using X-
rays. The technique was further developed in the early 1970s by Hounsfield and Cormack,
independently, and later improved upon by others to become what is now known as
computed axial tomography (CAT).[29-33]

The basic concepts of tomography were applied to TEM images for 3D analysis in the
1960s.119:34.35] |n the past few decades, ET has benefited from enormous technological
developments in instrumentation, computational power, and reconstruction algorithms.
Examples of promising directions in both hard and soft materials include high-resolution
tomography of nanoparticles,[3¢] tomographic studies on single particles,[37:38] the structural
determination of very large biological complexes,39] and the structure of whole cells in a
native environment.[40411 Even so, many challenges still lay ahead. The following sections
will discuss the basic concepts of ET to provide readers an overview of the strategies,
approaches, and tools in both the physical and biological sciences. Although the basic
concept of tomography is the same, each discipline has developed a set of specific
techniques according to the specific limitations inherent in the physical properties of the
materials of interest. By presenting the details of the limitations, solutions, and applications
of ET in both fields, we hope to benefit 3D analysis of hybrid materials consisting of both
hard and soft materials.

2. Concepts of ET

2.1. Basic Data-Acquisition Concepts

In conventional TEM (simply referred to as TEM), a parallel, coherent beam of electrons is
formed as a plane wave with approximately equal amplitude and phase everywhere at the
top surface of the sample. As the electrons pass through the sample, they interact with the
local atomic potentials modifying their phase and possibly producing scattering events.
When the electron wave exits the bottom surface it contains information about the projected
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potential of the specimen. A post-specimen detector with high pixel density records the
square magnitude (commonly called the intensity) of the transmitted electron wave
irreversibly mixing the two wave components. Very thin specimens of material
predominantly affect the phase of the electron wave, which is very sensitive to small
changes in density, such as those in carbonaceous materials. Image contrast can be enhanced
by applying a large defocus to the objective lens while also improving information transfer
at low spatial frequencies.

In STEM, a focused beam of electrons (also called a probe) is formed at the sample with a
sub-nanometer diameter. This probe is rastered across the sample and single-channel post-
specimen detectors are used to detect the amount of electron scattering at each scanned
position. An image is therefore formed by a 2D set of equally spaced positions of the probe.
An STEM can be operated such that the detector collects only highly scattered electrons,
producing incoherent image intensities based on mass-thickness with minimal coherent
diffraction contrast. This type of scattering is weak for light atoms such as carbon, but ideal
for the heavy atoms commonly found in specimens in physical science.[42]

ET reconstructs 3D information from a tilt series of 2D images acquired at many different
viewing angles.[43] All projection images are then aligned and combined digitally to produce
a faithful representation of the original object. This process requires image intensities that
consistently provide a monotonic measurement of some property of the sampled volume in
every tilted projection, which is known as the projection requirement. The resulting
reconstruction consists of voxel (a 3D version of a pixel) intensities exhibiting the 3D
distribution of the measured parameter. TEM and STEM images are known to provide
monotonic projections of density in both biological and physical-science specimens under
certain imaging conditions and are most often used to reconstruct 3D density.[44]
Tomography can be used to reconstruct other types of measurements, such as magnetic field
lines, from projections that fulfill the projection requirement (see Section 3.6).

The single-axis tilt scheme is the most commonly used acquisition technique in ET, because
it entails relatively simple methods for data acquisition and reconstruction. The specimen
rotates around a fixed eucentric axis within the microscope sample chamber from one
extreme tilt angle to the other, while projections are acquired at well-defined tilt increments.
Ideally, a tilt series contains projections from a complete +90° rotation of the object to
include projections from all possible directions. The maximum tilt accessible for most ET
experiments is limited to +70° due to shadowing of the specimen holder and space
limitations in the TEM specimen chamber.

The Fourier slice theorem (also known as the projection theorem) is the basic underlying
principle of 3D tomographic reconstruction regardless of the method used to acquire the
projections. It states that a projection of an object at an angle dis equivalent to sampling a
central plane of the object’s full 3D Fourier transform at the same angle &.[431 Figure 2
shows a diagram of this mathematical theorem, outlining the connection between the
projection in real space and the corresponding plane sampled in Fourier (reciprocal) space.
The Fourier transforms of a series of real-space projections acquired at many different
angles can be used to fill in the object’s 3D Fourier transform, which is then inverted to
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produce a 3D reconstruction of the original object in real-space. Figure 3 shows the
theoretical discrete sampling of Fourier space along the ky and k; directions of 17
projections with evenly spaced tilt increments through a tilt range of +£70°. The blue
triangles around the k; axis highlight regions of missing information in Fourier space by this
incomplete tilting scheme, which distorts features along the projection direction (the z-axis)
in the final reconstruction. Acquisition of projection images at the highest tilt angle possible
minimizes the effect of this missing wedge of information. Detailed treatments of the
mathematics involved in Fourier reconstruction are offered in Herman’s book on the
subject.[4%]

2.2. Basic Reconstruction Algorithms

2.2.1. Direct Fourier-Space Reconstruction—The Fourier transforms of all acquired
projections properly combine to fill an object’s Fourier space F (ky, Ky, k;) and application
of the 3D inverse Fourier transform f-1[F(ky, ky, kz)] produces a real-space approximation of
the object’s shape and density. This method, known as direct Fourier space reconstruction,
offers a clear description of tomography’s underlying principles but in practice presents
difficult and computationally expensive complications. The inverse Fourier transform
requires a continuously varying function with a Cartesian based coordinate system, but
tomographic data is acquired by discrete radial sampling as seen in Figure 3. The radially
sampled data require interpolation to properly map from polar to Cartesian coordinates (see
Figure 4a) prior to Fourier inversion, and the specific interpolation method chosen greatly
affects the quality of the final reconstruction.[4é] Furthermore, until recently computer
memory was incapable of holding large data sets consisting of Ny x Ny x N, pixels required
for most reconstructions (possibly multiple gigabytes).

2.2.2. Real-Space Radon Transform—To avoid the complications of direct Fourier
inversion, tomography relied on the real-space Radon transform to produce 3D
reconstructions.[4748] The forward Radon transform (R) maps a 3D object onto a 2D plane
by calculating line integrals (projections) of the object’s density through all “projection
rays” parallel to a given axis. Incoherent electron-scattering contrast in TEM and STEM
images can be considered as a line integral of the specimen’s density, and therefore the
Radon function provides a mathematical framework that closely matches the tomographic
method. This algorithm drastically reduces the amount of memory required, as it does not
have to hold the entire 3D volume in memory concurrently and independently operates on
each subset of a tilt series (Ny x Nz) perpendicular to the tilt-axis called a sinogram. In other
words, all projection information in the pixels perpendicular to the tilt-axis is independent
from neighboring pixels, because an object is rotated around a single axis. Reconstruction of
a tilt series using the inverse Radon transform (R71) is known as back-projection, because
the projected intensity in each pixel of a projection is linearly added into a 3D volume along
a ray at the correct angle to build up the 3D density. Figure 4b shows a simple example of
back-projection from three low-tilt projections resulting in 5 possible object locations (round
dots). The addition of a fourth back-projection at a high-tilt angle (90°) uniquely defines the
existence and location of only 3 objects as shown in Figure 4c.
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2.2.3. Weighted Back-Projection—A fundamental connection exists between the
Radon transform and the Fourier transform, such that both theoretically offer equivalent
methods for tomographic reconstruction, but the forward and reverse Radon transforms are
performed completely in real space. Back-projection via the inverse Radon transform avoids
the forward/inverse Fourier transforms and errors associated with the necessary interpolation
steps.[49] Back-projection reconstructions typically produce a 3D object with blurred
features with poorly defined fine spatial details because, as is clear in Figure 3, the low-
frequency information (corresponding to larger spatial detail) near the zero of the k-axes is
oversampled, as opposed to the undersampled high frequencies (corresponding to small
spatial details). The weighted back-projection (WBP) convolves the reconstruction with a
simple radial weighting filter, with an amplitude that increases linearly to a maximum at a
high cut-off value, and is applied after the real-space back-projection calculations are
completed. The weighting filter evens out the uneven sampling distribution in Fourier space
and is currently the most widely used reconstruction technique due to its simplicity and
speed.[4"] More-complex techniques discussed later in Section 3.4 can be used to reduce
artifacts in 3D reconstructions.

2.3. Resolution and Missing-Wedge Effects

Reconstruction from a single-axis tilt series exhibits anisotropic resolution, because the
tomographic-acquisition method inherently undersamples the object’s structure. Resolution
along the tilt-axis (here defined as the x-axis) is equal to the original experimental resolution
assuming a perfect tilt-series alignment. Resolution along the imaging axis perpendicular to
the tilt axis (here defined as the y-axis) is reduced due to the discrete number of projections,
N, acquired. An estimation of the best resolution possible along the y-axis for a
reconstruction of diameter D from N projections equally spaced over a full £90° tilt range is:

_7rD

va

1)

which is derived from the geometrical sampling of Fourier space.[43] In practice, the
resolution is difficult to assess, because it is influenced by many other experimental factors
such as image SNR and tilt-series alignment.

The missing wedge of information along the k, axis, not sampled due to a limited maximum
tilt angle a < 90°, dominates resolution along the original projection direction (here defined
as the z-axis). Features along the z-axis are stretched by an elongation factor ey, defined

as:[49]
a+sin a cos «
d.=eydy=dy\| ——— (2
a — SN a cos «

Rotation increments of finer than 1-2° are probably not necessary, and a maximum tilt angle
of 70° produces an elongation factor of <1.3 to produce readily interpretable results.
Resolution along the projection direction should be maximized because we specifically
utilize ET to recover this information. These are simple estimations of the achievable
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resolution possible for the parameters of a tilt series based on the filling of Fourier space.
Many other factors such as microscope stability, drift, pixel resolution, sample thickness,
tilt-series alignment, and beam damage are all possible sources of reduced resolution. The
resolution of iterative reconstruction techniques (see Section 3.4) is more difficult to define,
although the resolution of a final reconstruction can be assessed by several techniques (see
Section 4.2.5).

The missing wedge of information has the largest impact on resolution and artifacts in tilting
ET. The space between the strong focusing lenses near the sample does not typically allow
for large rotations of the sample holder unless the holder is specifically built for ET. Even in
this case, the typical slab-like sample geometry restricts tilts to <80° due to sample
shadowing or projected thickness. One solution is to rotate the sample by 90° in the
specimen plane either with a tilt-rotate stage or after removing the holder from the
microscope. Then, a second tilt series is acquired of the same object, reducing the missing
wedge to a missing cone of information.[5%] The requirements to acquire two tilt series
introduces a significant dose to the acquisition and complicates the post-processing
alignment and reconstruction. This method is not typically used due to the extra
complications. Work on advanced algorithms to retrieve the information in the missing
wedge is based on prior knowledge of the system and will be discussed in later sections.

2.4. Differences Between Hard Materials and Soft/Biomaterials

As mentioned previously, ET is used extensively in investigations of specimens for both
physical and biological science. However, very few techniques are shared between these two
fields. The physical constraints imposed by the constituent materials and the functional
parameters that need to be measured both lead to very different types of solutions to
investigate 3D structure.

Early in the development of TEM, the biological community quickly realized that 2D
projections of macromolecules were insufficient to understand their functionality, and then
ET was initially developed to reconstruct biological macromolecules in 3D. Biological
macromolecules generally consist of light atoms (H, C, N, O, etc.), and produce low contrast
in TEM images, which can be difficult to detect above the background noise. Additionally,
the structure of biological samples is sensitive to the electron beam, which mainly limits
biological investigations. Electron—sample interactions lead to both elastic and inelastic
scattering of the incident electrons, which either imparts momentum to atoms or deposits
energy in the target material. Inelastic scattering produces free radicals with 5-100 eV
energy that can damage biological samples by breaking covalent bonds and destroying their
structure. Thus, biological samples can only sustain a limited dose, which results in even
lower contrast images, and limits the 3D-reconstruction resolution of biological structures.
Nonetheless, the low-resolution 3D structures of large macromolecules can still provide
numerous insights into their function. Many techniques, as described in Section 4, have been
developed to maximize resolution while keeping the biological structure intact. These
techniques may also be applicable to research in physical sciences.

Unlike biology, samples in physical science often contain crystalline materials, which
produce diffraction contrast that cannot be used for ET reconstruction. Recently, STEM has
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provided high-contrast and high-resolution images with limited diffraction contrast,
providing 3D ET reconstructions of nanoscale objects. Attaining high contrast and high
resolution is possible in physical-science specimens due to the radiation hardness (strong
bonding) of the materials involved. Radiation damage due to elastic scattering (knock-on
effects) are more relevant to hard materials, compared to radiation damage from inelastic
scattering events. Since permanent knock-on displacements occur above a certain threshold
energy, radiation damage in hard materials can be limited by lowering the incident electron
energy, and tends to be less of a concern compared to soft materials. Thinned TEM
specimens of metals, such as Au and Ag, can be imaged at relatively high doses without
significantly changing their internal bulk structure. Surfaces and defects exhibit much lower
damage thresholds.[1] Carefully choosing the acceleration voltage and dose during imaging
can produce much-improved results, as demonstrated recently by images of Si with much-
reduced beam damage.[>2]

The separate development of ET in both physical and biological fields has led to very
different techniques, which are shown in the following sections. New classes of hybrid
materials are being developed, which incorporate both hard and soft materials, such as
metal-organic frameworks (MOFs)[33] and polymer/metal interfaces in solid-state battery
electrodes.>¥ Current 2D and 3D analysis techniques are incapable of simultaneously
imaging both hard and soft materials, especially at interfaces. There exists the opportunity to
incorporate ET techniques from both biological and physical sciences to provide a robust
analytical tool for a wide range of hybrid matter systems.

3. Advances in ET for Physical-Sciences Research

3.1. Nanoscale Research using TEM

The analysis of hard materials structures with reduced, or scaled, size is critical to the further
advancement of technology in many fields of the physical sciences, such as integrated
circuits and nanotechnology. Many materials systems derive their macroscale properties
from structural elements that exist at the micro- to atomic scales. Physical sciences seek to
understand the macroscopic characteristics of materials through the investigation of
fundamental structural characteristics, such as morphology (size and shape), crystal type,
grain size, composition, defects, and interface structure. TEM is a versatile tool to directly
observe materials spanning a range of length scales in both imaging and diffraction modes.
Due to the direct link between characteristics at reduced length scales and macro-scale
properties, TEM investigations provide key insights into the mechanical, electrical, and
magnetic properties of materials with direct application to behavior at the macroscale.

Because they are charged particles, electrons are not only easily focused by magnetic lenses,
but also interact very strongly with matter, limiting their penetration depth. Sub-nanometer
resolution imaging requires the preparation of <100 nm-thick lamellae of material from bulk
samples to reduce the incident electron—sample interactions during transmission. The
possibility of controlling materials at the nanoscale is now a challenge for TEM and STEM
analysis. Still, TEM has been a very successful tool to investigate structures, despite the fact
that TEM images are only 2D projections of the specimen.[21] For example, some bulk
materials can be sufficiently thinned, such that important features do not overlap in
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projection, and the third dimension can be considered constant during analysis. This
assumption is no longer valid in many cases where precise control of material distributions
with sub-10 nanometer or even atomic-scale accuracy is required. For example, feature sizes
of modern integrated circuits are now so small that the overlap of many features within the
thickness of a TEM sample presents problems for analysis, because the obfuscated
nanoscale morphology defines their functionality. This section discusses the application of
ET in physical sciences for full 3D characterization of structures including materials
differentiation at the nanoscale with a lateral field of view of <1 um.[®%] We also discuss
recent advances in tomography for physical sciences, with the ultimate goal of achieving
Richard Feynman’s 1959 challenge in his famous lecture “There’s Plenty of Room at the
Bottom” to measure all atomic positions in 3D, and thus to provide full knowledge of a
material’s properties.[>]

3.2. Electron-Microscope Image Formation

Two different nanoscale imaging techniques typically used in the physical sciences, TEM
and STEM, utilize different illumination modes, which result in very different contrast
mechanisms (see the beginning of Section 2.1) with important implications for ET. Image
contrast in TEM images satisfies the projection requirement at a certain size and resolution
for non-crystalline materials. Unfortunately the coherent nature of TEM illumination
produces non-monotonic image intensities for crystalline materials at different tilt angles. To
understand the impact of TEM and STEM image formation on electron tomographic
reconstruction of physical-science samples, we must examine the relevant damage
mechanisms and how image formation connects to the projection theorem.

Most physical-science specimens consist of materials that are relatively radiation hard, and
can withstand significantly larger irradiation doses compared with biological samples,
before damage is evident.[>”] The high dose tolerance of so-called hard materials provides
more flexibility in imaging conditions to directly investigate these materials even at atomic
resolution.[4258] Beam damage in hard materials, described as loss of crystallinity or mass
loss, occurs in two different ways, as described in Egerton’s review of the subject.[>°]
Knock-on damage occurs when an incident electron scatters from a specimen atom
transferring momentum in the process. The atom can be displaced from its location, and, if
sufficiently large, the atom will be permanently displaced or sputtered away. The bulk atoms
in some strongly bonded materials can withstand such elastic events at moderate doses
without any evident damage, even at the atomic scale. lonization damage (also called
radiolysis) occurs when the incident electron transfers energy to an electron in the specimen.
This can break bonds in the material, producing reactions, heat, and other radiation such as
X-rays. Knock-on damage can be mostly eliminated if the electron-accelerating voltage is
below a threshold value for a given material. For example, graphene, a single layer of
carbon atoms, is not damaged by knock-on processes from 80 kV electrons. lonization
damage is much more important for weakly bonded materials at lower accelerating voltages
and atoms with lower Z numbers.

Resistance to electron-beam damage in hard materials derives from the strong bonding in
crystalline solids at the atomic scale, but crystals introduce a different problem for the
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utilization of TEM in structural investigations due to diffraction. TEM is a coherent imaging
technique where the final image is produced by interference of diffracted beams at the
imaging detector, and thus, for crystals, the intensity is dominated by diffraction conditions
with a non-linear dependence on the projected potential. A small change in crystal structure
or orientation can produce radically different intensities and patterns in the recorded
image.[44.60] This violates the projection theorem necessary for tomographic reconstruction
by traditional back-projection algorithms and limits the application of ET using TEM in the
physical sciences.[22.61]

This issue was resolved with improvements and more-wide-scale use of STEM, which
utilizes the pre-specimen optics to create a convergent electron probe at the sample surface
focused to a small diameter. After the specimen, a convergent-beam electron diffraction
(CBED) pattern is produced at each raster position, and a single-channel detector is used to
integrate the electron flux within a range of scattering angles. The information in each
CBED pattern is localized to the probe diameter. STEM provides a highly flexible range of
operating modes with nanometer to sub-angstrom resolution, depending on the electron
source, accelerating voltage, convergence angle, and lens settings. The specific collection
angles of the post-specimen detector determine the dominant contrast mechanism in images
acquired by STEM. The most-common detector is a high-angle annular dark-field (HAADF)
detector designed to collect only highly scattered electrons, which are mostly incoherently
scattered electrons.[42] HAADF-STEM can differentiate between materials with different
atomic numbers (known as Z-contrast imaging), but has poor sensitivity for low-Z elements
such as C in comparison with heavier species. Other incoherent STEM imaging techniques,
such as incoherent bright field (IBF), have also been utilized for 3D analysis.[62]

Both methods, TEM and STEM, have advantages and disadvantages for use in ET. TEM is
relatively more efficient compared to HAADF-STEM per unit dose, due to the low
probability of high-angle scattering events required for STEM, especially for low-Z
materials. Low-dose imaging is therefore a strength of TEM, hence its use for soft materials
(see Section 4). STEM has the advantage that image intensities are directly interpretable due
to the dominance of incoherent scattering, and is capable of distinguishing between
materials without spectroscopic methods.[83] As a focused probe technique, STEM also has
a limited depth of field, which is an important consideration for recently developed
advanced STEM optics, as discussed later in this review. Figure 5 shows a comparison
between the information transfers (called the contrast transfer function (CTF)) of STEM and
TEM at optimal defocus values for high-resolution imaging. The STEM curve (red) is
monotonic and decreasing at all spatial resolutions. For TEM, the lack of transfer at low
spatial frequencies, as well as the oscillatory nature, makes interpretation of images difficult
especially for crystalline specimens.[8%] A large defocus is commonly applied to the TEM
image to improve information transfer and contrast at low spatial frequencies, but also has
the effect of increasing the oscillatory function for high spatial frequencies. This comparison
does not account for the dose applied.

STEM required improvements in sources, lenses, scanning electronics, and room
environments to finally realize wide-spread adoption in materials research.[%4] This has led
to increased availability of ET within physical sciences, long after its establishment for soft
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materials. Sample preparation is now seen as an important issue for more-wide-spread
adoption of the technique (see Section 3.5). Also, the application of new post-processing
algorithms is now possible due to the advent of powerful desktop computing as well as high-
performance computing clusters (see Section 3.4). Recently, aberration correctors
simultaneously improved many aspects of STEM, including resolution (lateral and depth),
image contrast, and beam current. The capabilities of these new systems are still being
explored (see Section 3.3) with the possibility of new acquisition schemes combined with
new reconstruction algorithms. The following sections cover recent progress in state-of-the-
art ET, making this an exciting time for 3D nanoscale analysis.

3.3. Benefits of Aberration-Corrected STEM

An important recent advance in STEM with direct application to ET has been the wide-scale
introduction of aberration correctors. The focusing power of the round electron lenses used
in STEM is intrinsically limited by their well-known spherical aberration, where the
minimum probe size is defined as:

dmin=0.43)3/4C3*  (3)

where Cj is the third-order spherical aberration (typically 1-2 mm, and also traditionally
called Cg) and A is the wavelength of the incident electrons.[10] Spherical aberration causes
electrons further from the center of the lens to be focused to a different point along the
optical axis, and thus increases the size of the focused electron beam at the sample. STEM
instruments were typically limited to electron probes with >1 A resolution, as measured by
the full width at half maximum of the focused probe intensity, making many important
features at the atomic-scale unresolvable. Simple round electron lenses always exhibit
positive spherical aberration coefficients, but it was known that other optical elements with
non-round symmetry could be combined to produce negative spherical aberration.[6.6°]
Ideally, the C3 value of round objective lenses can be compensated by introducing such
electron optical elements to the column, but this has proved extremely difficult for many
years.[66]

Essentially, non-rotationally symmetric electron lenses, such as quadrupoles, hexapoles, and
octapoles, are used to modify the trajectories of electrons off the optical axis to exactly
cancel the aberration of round lenses. Early correctors suffered from the effects of higher-
order aberrations,[87] which was overcome by the invention of an aplanatic design. (68l
However, the time required to align all of the extra optical elements, together with the
limited stability of the system, made aberration correctors unpractical at best. Rose offers an
excellent history of the development of aberration correction.[®]

Further developments in computer control, lens power supply stability, electron—optical
theory, and other concerted efforts in the field have recently led to the realization of
aberration correction by two major groups, through the use of multipole elements capable of
compensating for the intrinsic aberrations of an electron—optical system.[13:6%] Since then
aberration correction for TEM and STEM is now in general use at many research institutions
around the world. With this technology almost all aspects of electron-microscopy
instrumentation have been improved: lateral resolution is reduced to 0.5-1 A, contrast is
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greatly improved, and beam current is increased. These improvements now routinely allow
microscopists to measure atomic distances for most crystalline materials, see individual
atoms, and make atomic-resolution spectroscopic measurements.[70.71] This ability to see the
location of atoms and their species provides unprecedented knowledge of the basic buildings
blocks of materials systems.

ET benefits from these improvements as well, although there is one important aspect to
consider. STEM is a focused probe technique, and the semi-angle of convergence of the
probe at the sample () is an important quality metric.l72] The best uncorrected microscopes
provide a convergence semi-angle of ca. 10 mrad, but aberration correction allows for >3x
increase in this parameter. Lateral resolution scales inversely with the convergence angle
(1/a), while the depth resolution scales as the inverse square of the convergence angle (1/
a?).[73.741 Thus, the depth resolution of an aberration-corrected STEM is reduced to less
than 10 nm, compared with >30 nm for a Cs-limited instrument. Figure 6 shows a focused
STEM probe at different defocus values to compare the depth and lateral resolutions of: an
uncorrected FEI Tecnai 200 kV STEM with « = 9.6 mrad (Figure 6a), and an aberration-
corrected FEI Titan 300 kV STEM with « = 30 mrad (Figure 6b). It is clear that the lateral
and depth resolutions are substantially better for the aberration-corrected probe.

Initially, it was believed that aberration-corrected STEM would provide a confocal mode of
operation that could directly measure 3D structures by simply changing the focus value.
This is true for point objects such as atoms, but extended objects suffer from a very large
elongation effect, and cannot be reconstructed in this manner.[75-77] The entire beam passes
through the sample at every scan position, and a typical STEM optical system does not
allow for selective imaging of in-focus electrons, in comparison with out-of-focus electrons.
The information transfer of such a focal series is equivalent to a tilting-tomography series
with a maximum tilt angle of +a.[73] Figure 7 shows a cross-section in the x—z plane of a
focal series of ca. 5 nm Au nanoparticles on a carbon substrate using the probe in Figure 6b,
showing the clear elongation of the nanoparticles along the vertical defocus direction. A true
confocal mode requires a pin-hole to reject out-of-focus electrons and a spectrometer to
select inelastically scattered electrons. Such an optical system has been realized by multiple
groups, although the resolution is limited to ca. 5 nm along the beam direction.[78:7°]

In tilting ET, the depth of focus is important to consider with an uncorrected STEM, but
aberration correction leads to a more-significant limitation in the volume that can be
reconstructed at high resolution.[8% For large (30 mrad) convergence angles, lateral
resolution is sufficient to resolve small atomic distances, but objects larger than 10 nm will
not be fully in focus. This places an upper limit on the size of objects that can be
reconstructed using single projections acquired by aberration-corrected STEM. There are
two possible methods that utilize a series of STEM images at different defocus values of an
extended object at each tilt angle to overcome this limitation. In the first method, all of the
images in the tilt series can be combined by a wave-packet analysis algorithm into one
image with all objects in focus.[81] Therefore, a tilt series of high-resolution images of an
extended object with all features in focus is obtained at all viewing angles and reconstructed
by traditional means. The dose applied to the sample is higher than a traditional tilt series,
and the wave-packet algorithm essentially removes any information about the depth location
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of the objects. The second option utilizes the full focal series at each tilt angle to combine
both high-lateral-resolution information and depth information at every tilt angle.[82.83] The
amount of information sampled about the object along the projection direction is directly
related to the convergence semi-angle of the STEM (x3° for a = 30 mrad), which provides
the additional advantage that fewer tilting angles are required to fully sample the object. The
various tilt series are combined in Fourier space using bilinear extrapolation and per-pixel
weighting of all spatial frequencies to compensate for over sampling. Direct Fourier
reconstruction is used to produce the 3D density distribution in real space. This technique
simultaneously utilizes the high lateral and high depth resolution of aberration-corrected
STEM. This was shown to be useful for large extended systems with a range of important
length scales, such as collections of nanoporous catalytic FePt particles on carbon supports.
The ability to determine the large-scale distribution of the nanoparticles and their internal
porosity provides statistical information relevant to catalytic properties of the system from a
single tomography data set using focus and tilt.[83]

3.4. Algorithm Development for 3D Reconstruction

The WBP technique discussed in Section 2.2.3 can now produce a reconstruction in a few
minutes on a moderately powerful desktop computer. WBP is also highly parallelizable,
lending itself to implementation on multicore processors and graphics cards for significantly
faster reconstructions. The simplicity and speed of this method has led to its wide-scale use,
but it does not take full advantage of the input data to refine the final reconstruction. The
rapid advance and general availability of powerful computers with large amounts of memory
has led to the implementation of more-complex reconstruction algorithms, such as the
simultaneous iterative reconstruction technique (SIRT).[84] Missing information due to the
discrete number of projections acquired and the missing wedge of information introduce
errors into the final reconstruction, but the original TEM images can be considered ideal
projections of the original object. SIRT was developed to iteratively improve the agreement
between reconstructions and experimental projections. The original projections are
iteratively compared with linear re-projections of a reconstruction to remove artifacts from
the final representation of the object. SIRT is now a common reconstruction technique and is
known to reduce reconstruction artifacts for sets of projections with low noise and high
contrast commonly found in hard-material specimens. It requires a relatively large number
of projections with a small missing wedge (1-2° tilt steps and £70°) to produce the best
results. Furthermore, the reconstruction tends to converge to a local minimum after 20-30
iterations before the reconstruction quality degrades with more refinement steps. Recently, a
hybrid method combining WBP and SIRT, called W-SIRT, was shown to further improve
the technique.[85] This review will briefly discuss recent advancements in post-processing
beyond SIRT, which seek to improve 3D analysis by achieving atomic-scale resolution,
using fewer input projections, and improving agreement with physical models.

3.4.1. Atomic-Resolution Reconstruction—A grand challenge of electron microscopy
is to identify the species and location of all atoms within a system to predict its materials
properties from first principles. The ca. 1 nm resolution limit of HAADF-STEM
tomography is approximately 5 to 10 times larger than a high-quality STEM probe and is the
result of multiple other factors. The discrete number of tilts and missing wedge degrade

Adv Mater. Author manuscript; available in PMC 2016 October 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ercius et al.

Page 14

resolution, as described in Equation 1 and 2 of Section 2.1, regardless of the microscope
resolution. Uncorrected STEM instruments have also previously provided insufficient image
contrast, especially at high tilt angles, to distinguish subtle changes in projected density
amounting to single-atom contrast.

Crystal-M odel-Based Reconstruction: The advent of aberration correction (discussed in
Section 3.3) significantly improved the resolution and contrast of STEM instrumentation to
detect single atoms in 2D projections.[63:86] To take advantage of these improvements, a
novel reconstruction technique known as discrete tomography was developed, with the
accurate assumption that an object is made of discrete atoms, called atomicity.[87] This led
to the first atomic-resolution 3D reconstruction of a Ag nanoparticle embedded in Al using
two high-resolution projections.[88] A statistical method was used to determine the number
of atoms in each column from the projected intensity for each projection.[8%] The
assumptions of a face-centered-cubic crystalline lattice and physical continuity between
columns were used to solve a unique atomic arrangement that matched the two projections
along the crystalline-zone axes. An additional zone-axis projection at a different angle was
used to confirm the result. Since that publication, more work has been done to apply this
technique to reconstruct crystalline structures from multiple zone axes or even using just one
aberration-corrected TEM image.[90.92] The amount of dose applied to the sample is less,
compared with a tomographic tilt series, due to the limited number of tilts required,
potentially leaving surface atoms and faceting intact for analysis. Discrete tomography uses
atomicity (a physical constraint) and a crystalline structure (prior knowledge) to
significantly reduce the required input data, but it produces reconstructions with atoms on a
predefined lattice. These assumptions cannot be used in many other materials that would
benefit from 3D knowledge of atomic positions.

Equally Sloped Tomography: A generally applicable method to reach atomic-scale
resolution is called equally sloped tomography (EST). This method utilizes the pseudo-polar
fast Fourier transform (pPFFT) to directly transform between real and reciprocal (Fourier)
space.[92.93] As discussed in Section 2.1, direct Fourier inversion is not ideal for a traditional
tomographic tilt series acquired with equal angular increments between projections, because
inverse Fourier reconstruction involves interpolation (approximations) to between polar and
Cartesian coordinates (see Figure 4a). In EST, the experimental projection angles are chosen
such that the tilt increments between projections have equal slope, and the pPFFT is then an
exact transform between the projections in reciprocal space and a Cartesian grid in real
space. Figure 8 shows how the information acquired by the EST method can be described as
a linogram grid of N concentric squares, where each black dot represents a measurement (a
pixel). Figure 8 also shows the relationship between a 4 x 4 Cartesian grid (real space) and a
linogram grid (reciprocal space) with N = 4 connected by the pPFFT and its inverse. The
dots represent a measurement of the projected density (a pixel) and the equal slope is
indicated by the colored lines with equal spacing horizontally and vertically. Before
reconstruction, the EST projections are aligned to high accuracy by a center-of-mass
method.[®4] An iterative procedure is used to produce a 3D density through continual
improvement using the following steps. First, the projections are mapped to the linogram
grid via a fractional Fourier transform (FrFT), which changes the sample spacing of the
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projections in reciprocal space for each individual projection to match the pPFFT. These are
then directly combined in reciprocal space without interpolation. Next the pPFFT 1 is
applied to produce a 3D density in Cartesian real space, and constraints are imposed on the
density. The updated density is transformed back to reciprocal space by the pPFFT, and the
original projections are used to replace the information at the corresponding angles. This
iterative reconstruction procedure converges to a 3D density that best matches the
projections producing higher resolution and contrast with fewer artifacts compared to
traditional algorithms.[9] EST has achieved atomic-scale resolution of an Au nanoparticle at
a resolution of 2.4 A and produced the first images of dislocations at atomic resolution in a
Pt nanoparticles.[9496] The technique is generally applicable to projections of any unique
object with the possibility of investigating amorphous materials at the atomic scale.[%7]

3.4.2. Methods for Non-linear Projections—The two traditional reconstruction
algorithms (WBP and SIRT) assume a linear relationship between the projected density and
the image intensity. This is a good approximation in most cases for HAADF-STEM images,
but non-linear and non-monotonic deviations are known to exist.[62] Furthermore, traditional
reconstruction algorithms do not account for the noise characteristics of HAADF-STEM.
Methods that compensate for non-linear scattering, originally developed for medical CAT,
can incorporate the known physics of particle scattering into the reconstruction
algorithm.[98.99]

Utilizing the physics of the imaging process during reconstruction can include factors such
as exponential signal attenuation inside thick specimens (known as Beer’s law) and
nonlinear diffraction contrast.[19%] Intensities in HAADF-STEM images are dominated by
incoherently scattered electrons, but the low flux of highly scattered electrons requires a
large electron dose to achieve a good SNR. Improved dose efficiency can be achieved at the
cost of a less-linear signal by using electrons scattered at lower angles (including Bragg
scattering). A model-based iterative reconstruction (MBIR) technique (not to be confused
with the density model used to align projection images in biology) can account for noise and
non-linear intensities during a reconstruction based on the scattering processes involved in
image formation.[201] This approach has also been utilized to produce reliable
reconstructions from highly non-linear imaging methods such as bright-field (BF)
STEM.[192] MBIR can also be used to produce quantitative reconstructions where the voxel
intensity provides a real measure of the local material property, such as a scattering cross-
section, rather than relative density. MBIR has been shown to reduce artifacts and improve
contrast, even with fewer projections, using rational physical constraints imposed on the
system to eliminate unphysical results.[103]

3.4.3. Compressed Sensing—There exists great interest in the community to reduce the
number of projections and the impact of the missing wedge, while maintaining the accuracy
of the final reconstruction. A promising route to accomplish both of these goals
simultaneously is to incorporate constraints and/or prior knowledge into the reconstruction
technique. For many years, electron microscopists have designed sample preparation and
experiments to project along specific crystalline zone axes that contain as much information
as is needed to measure the materials property of interest. A priori information about the
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crystalline arrangements of solids can be used to deduce the 3D arrangement of atoms. Until
recently, ET in physical sciences has endeavored to sample all possible information about a
structure to ensure a faithful reconstruction, but this is not possible in all cases due to dose
and time constraints.

Compressed sensing is a fairly new general technique just now being adapted to ET
reconstructions. The algorithm is designed to find solutions to systems considered under-
determined by the Nyquist sampling theorem.[204.105] Compressed sensing assumes that
some information contained in a digital signal or image is sparsely distributed (or
compressible), and thus not all channels must be fully sampled to produce a sufficient (or
even exact) representation of the object. An analogy commonly used is JPEG image
compression, which significantly reduces the storage required for digital pictures while
maintaining quality. Rather than reducing the information that is stored after acquisition,
compressed sensing seeks to reconstruct the unknown information from a dramatically
reduced set of experimental data. The concept relies on the fact that the object can be
described in a domain, such as reciprocal space, where some pieces of information are
important to the overall structure and other minor parts can be discarded. For ET, data
acquired from fewer tilt angles can be combined with a priori information about the
structure to produce a high-quality reconstruction.l19¢] The projection directions may even
be chosen based on the symmetry of the structure to specifically include critical information.
This can mean significant reductions in the electron irradiation dose and the number of tilt
angles, as well as the use of new signals (such as electron energy loss spectroscopy (EELS))
that previously were experimentally impractical.

In a recent example, the assumptions of sparsity in the Fourier domain and cubic symmetry
were applied to low-loss EELS tomography to reconstruct surface plasmon resonances of
cubic metal nanoparticles in 3D.[197] The scattering cross-section for inelastic EELS signals
are 10 to 100 times lower than for elastic HAADF-STEM scattering, and 2D EELS maps
require significantly longer exposures to achieve a good SNR. The authors designed the
experiment to acquire the necessary data from a limited number of projections in order to
utilize dose and time efficiently. The sample’s known cubic symmetry was exploited to
allow a reconstruction using only the positive tilt angles. Compressed sensing was used with
the assumption that the artifacts introduced from the limited number of tilt angles only
added noise in the final reconstruction. In other words, the acquired projections sampled the
important information to define the structure, and all other information was distributed
throughout the 3D reconstruction as noise. This result demonstrates the importance of an
experiment designed to sample a small set of necessary information to reproduce the
structure. The 3D reconstruction provides important insights into spectral modes of
nanoparticles interacting with a dielectric surface.

It is important to realize the limitations of compressed sensing. Unlike the more-general
WBP and SIRT algorithms, the assumptions made for one system are not generally
applicable to all structures. Furthermore, the final model will directly reflect those
assumptions, and the researcher must be aware of model bias, a more commonly known
problem in biological sciences. Traditional tomographic reconstruction techniques are
generally applicable in almost all cases where the projection requirement holds, and the
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artifacts are now well understood. Algorithms that are more advanced must be carefully
studied and verified for each new set of applications.

3.5. Improvements in Sample Preparation by Focused lon Beam Experiments

Sample preparation in the physical sciences has long relied on polishing by physical
grinding to produce uniformly flat regions of material with minimal surface damage.[108]
Traditional polishing can prepare thin, smooth TEM specimens from large bulk materials,
but cannot easily prepare a sample of a specific sample area, such as is needed in
microelectronics failure analysis. The introduction of the focused ion beam (FIB) and
subsequent development of in situ and ex situ lift-out techniques have enabled site-specific
sample preparation for TEM.[109.110] FIB can produce thin and flat TEM samples even for
atomic-resolution investigations using low-voltage (1-3 kV) final milling. The
microelectronics industry benefits greatly from FIB TEM preparation to investigate the
failure of specific electronic components among the millions on a single chip. The time
required to produce very high quality samples with <20 nm thickness is prohibitive in many
cases, and even the thinnest FIB samples can be thicker than the electronic components
themselves. Thus, the overlap of complex structures cannot be fully analyzed from a single
2D projection due to the overlap of many different features. ET and FIB lift-out sample
preparation can provide a significant amount of information about specific devices (failed or
intact) from relatively thick sections to investigate the failure modes and provide many
measurements of critical features.[111] FIB has also been utilized to prepare specimens of
soft materials for 3D analysis that were previously difficult to analyze by TEM,[112.113] ang
even for improving reconstructions of frozen-hydrated cells.[114]

Nanoprocessing by FIB has also enabled the preparation of needle-like samples to
simultaneously eliminate two problems inherent in slab-type TEM samples.[109.115] The
projected thickness of material in slab-type samples increases as (1/cosé), where Ois the tilt
angle, reaching 2.9 times the original thickness at a tilt of 70°. Subsequently, the resolution
and SNR in images acquired at the high tilt angles are significantly reduced.[8%] All viewing
angles of a needle sample provide projections of equivalent quality even from relatively
thick samples. Also, needle samples can be mounted in a full-rotation TEM holder, which
allows £90° rotation to completely eliminate the missing wedge of information (discussed in
Section 2.1). This improves the resolution and greatly reduces artifacts in the final 3D
volume.[199] Moreover, the development of FIB-prepared needle-shaped samples was a
critical development for the hybrid 3D spectroscopic measurements discussed later in
Section 3.6.

3.6. Beyond Density: Measurement of Intrinsic Material Properties in 3D

The main focus of ET until recently was to determine the 3D density distribution of an
object, but TEM is a very versatile tool capable of measuring more than just the projected
density of materials. Recent advances in hardware and software provide electron
microscopists with vastly more-stable and powerful microscopes enabling STEM and TEM
to achieve new milestones in analytical capabilities, such as quantitative sensitivity to
spectroscopic,[°8.116] magnetic,[117] and electronicl118] properties of materials, even with
atomic resolution. Some of these advanced TEM experiments satisfy the projection
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requirement for tomography, opening up the possibility of directly measuring functional
properties in 3D at the nanoscale.

3.6.1. Spectroscopic Tomography—HAADF-STEM is useful to distinguish between
materials with large differences in atomic number (Au and C), and has been used to
determine distributions of metals in core/shell structures at high resolution.[11%] Small
differences are much more difficult to detect (Co and Ni). Initial experiments that retrieved
more than a single density measurement per voxel involved spectroscopic methods such as
EELSI120] and X-ray energy-dispersive spectroscopy (X-EDS)!1211 in TEM or STEM mode.
Both spectroscopic methods are very powerful for measuring elemental distributions at the
nanometer scale, producing signals that conform to projection theorems.[122.123] These
methods are very dose intensive because the scattering cross-sections for inelastic (energy
loss) events are extremely low, leading to long acquisition times. Until recently, even 2D
mapping of structures in a single projection had proved difficult due to limited stability and
beam current over hour(s) long acquisitions. Advances in detectors, electron-source
brightness, and collection optics have all provided sufficient beam current and collection
efficiency to reduce acquisition times of 2D maps from hours to minutes. EELS and X-EDS
are therefore used to unambiguously distinguish elements in 2D, even within mixtures of
materials, and 3D measurements have become more practical.[124] For example, EELS
measurements of the 3D distribution of surface plasmon modes of cubic metal nanoparticles,
which could not be determined without spectroscopic imaging, were recently reported.[107]

Although neither of these spectroscopic techniques applies a low dose on the specimen
during imaging, the resulting noisy tilt series could benefit from techniques developed in
biological sciences for low-SNR reconstruction to improve elemental mapping in 3D at the
nanoscale. The quality of a spectroscopic signal from nanostructures also greatly depends on
the thickness of the specimen, and spectroscopic tomography was partially made possible by
the preparation of the needle-like samples discussed in Section 3.5.[109] For EELS,
specimens much thicker than the incident electron mean-free path produces multiple
scattering, which increases the signal background.[120] For X-EDS, the spectrum intensities
depend on the path of the incident electron and the path of the generated X-rays, and
thickness corrections must be applied even for relatively thin samples to achieve quantitative
results.[116:125] For tomography, these corrections may need to be applied for each separate
tilt angle. Reconstruction of 200 nm LiNiMnO, nanoparticles showed the segregation of one
species (Ni in this case) to the surface of the particle even for low-contrast materials that
would not be visible in a typical HAADF-STEM 3D reconstruction.[126] Although powerful
enough to unambiguously differentiate elemental species in 3D, spectroscopic tomography
only produces the morphology of the object of interest. Other TEM imaging projection
methods have been used to investigate materials properties, such as magnetic fields at the
nanometer scale in 3D.

3.6.2. Measuring Magnetic Fields—The magnetic properties of materials are important
aspects of device functionality in advanced technologies such as magnetic hard drives.
Continued improvement of such devices requires quantitative measurements of magnetic
fields within and around nanoscale features, which are independent of density. For example,
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the size of magnetic domains that define storage bits on magnetic hard drives is limited due
to magnetic interactions at the nanoscale.l127] Unfortunately, the objective lens in STEM
and TEM produces a strong magnetic field of ca. 2 T perpendicular to the sample surface,
which magnetizes almost all material perpendicular to the sample. Removing this strong
magnetic field provides a field-free imaging condition, generally referred to as Lorentz
TEM, sensitive to the intrinsic in-plane magnetization of the material, although the
resolution is degraded to >1 nm.[128] Nanoscale resolution is sufficient to analyze many
magnetic structures, but generating images with contrast that can be related to measurable
magnetic properties is difficult. We discuss two quantitative techniques used in Lorentz
microscopy that determine the relative phase shifts of the incident electron beam, which can
be related to the object’s intrinsic magnetic field. Fresnel image contrast measures effects of
phase shifts in TEM image intensities, and off-axis holography accurately measures the
electron phase shifts of the complex electron wave.

Fresnel Imaging Contrast: The most-common technique in Lorentz microscopy to produce
magnetic contrast, called Fresnel imaging, is achieved by simply defocusing the imaging
lens in field-free conditions to enhance coherent interference.l12%] Adjacent magnetic grains
in a thin film are separated by a boundary called a magnetic domain wall where the in-plane
magnetic field changes direction. The path of an electron traveling perpendicular to the
sample surface is deflected according to the strength of the in-plane field. At a magnetic
domain wall, grains with opposing magnetic fields will produce bright or dark lines
according to their direction and the lens defocus. The diagram in Figure 9 shows how
deflected electrons overlap in a defocused image to produce bright or dark lines according to
the magnetic orientation of neighboring grains. This technique highlights the grain
boundaries in a 2D projection of a thin film. For quantitative measurements, a digital phase-
retrieval algorithm, such as the transport of intensity equation, is necessary to measure the
projected phase change of the electrons from a series of defocused images (Figure 9a—
d).[130] The in-plane magnetic induction is then calculated from the relative phase changes at
each position. The image of the magnetic field provides a measure of the projected in-plane
component of a 3D magnetic vector,[231] and a double-tilt ET experiment!>% is required to
determine the full 3D magnetic vector field.[132] In practice, the object is removed from the
microscope and rotated 90° in the holder after the acquisition of each tilt series.[132] Further
developments in equipment, image acquisition techniques, and post-processing algorithms
are needed to fully realize the potential of 3D Fresnel imaging in Lorentz microscopy to
study nanoscale magnetic devices.

Off-Axis Electron Holography: Off-axis electron holography is a powerful technique that
uses interference to measure both the amplitude and phase of the electron wave after it
passes through the sample.[33] This is unlike typical TEM, because an imaging detector
measures the intensity (or magnitude squared) of the complex electron wave.[134] The
technique utilizes a post-specimen electrostatic biprism to interfere with one portion of the
electron beam that passes through vacuum and a separate portion that passes through the
sample. A fringe pattern is created on the imaging detector, and digital processing of the
fringe pattern is used to determine the complex values of the electron wave. For most
materials, the phase is directly related to the projected mean inner potential (MIP) and
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magnetic field of the underlying structure. The technique can quantitatively measure
electrostatic and magnetic properties of materials with sub-nanometer resolution, such as the
potential of pn-junctions, dopant profiles, and the magnetization distribution in and around
objects.[13%] Projection measurements from off-axis holography conform to the projection
theorem of ET, providing the ability to quantitatively measure 3D electrostatic potentials of
core-shell nanowires and semiconductor devices.[136.1371 When used in a field-free Lorentz
TEM, magnetic fields are particularly interesting to study in 3D by electron holography,
because even field lines in vacuum around the sample can even be measured.[138] However,
just as with Fresnel imaging, determination of the magnitude and direction of the 3D vector
field requires acquisition of two tilt series with a 90° rotation between them.[139]

Outlook: The applications of 3D magnetic Lorentz tomography and off-axis electron
holography are currently limited due to the specialized equipment required to accomplish
the experiments. For both techniques, Lorentz TEM has relatively low resolution compared
with normal TEM, although recent developments in aberration correction will provide
higher-resolution, field-free imaging in the near future.[140] Off-axis electron holography
requires a highly coherent source (such as an FEG), a biprism, and a special electron optical
setup.[141] Other important limitations to consider are the field-of-view and hologram fringe
contrast (peak to valley measurements), which have direct effects on the achievable lateral
resolution and phase resolution in the reconstructed exit wave.[142]

4. Advances in ET for Soft-Materials and Biomaterials Research

4.1. Background

ET has contributed effectively to the study of a wide variety of biological molecules, from a
single macromolecule to a whole cell. Examples include the nuclear pore,[143] viruses,[144]
micro-tubules,[245] bacterial ultrastructure,[146] molecular motors,[147] and cell sections.[148]
More recently, the technique enabled the study of conformational dynamics based on the
structure of a single protein.[37:38]

Tilt series ET has several advantages over X-ray crystal diffraction and single-particle
reconstruction. X-ray crystallography captures diffraction patterns from crystallized
molecules and then solves for the real-space density. Single-particle reconstruction uses tens
of thousands of images of immobilized particles in random orientations. Those 2D images
are organized into different classes based on particle 3D orientations before being averaged
into a 3D reconstruction. In ET, 3D reconstruction from a single object can avoid possible
artifacts introduced through averaging a large number of images of flexible proteins in
different conformations. Structurally flexible proteins show significant variability in
solution, making them difficult to classify accurately prior to identifying their
orientations.[149-151] Moreover, aligning ET images is, in principle, simple compared to
aligning images in single-particle reconstructions, which requires a reference model. In
addition, ET enables 3D structural determinations of a wide variety of macromolecules and
macromolecular processes, such as large complexes[39] and aggregates. However, the
resolution achieved directly from ET (without averaging) is rarely beyond ca. 2 nm.
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Many factors need to be considered before 3D reconstruction in soft materials or
biomaterials. In terms of the sample environment, the sample itself tends to lower the quality
of the recorded images due to the solvent background, stain effects, temperature-related
drift, sample surface charging, and beam-induced motion.[152.153] |n terms of TEM
operation, limitations are related to the use of a high-defocus (trading low-resolution details
for high-resolution),[154.155] detector shot noise, and detector quantum efficiency.[156:157] |n
terms of the instrument, the quality of the recorded images is affected by instabilities in the
TEM source and lenses (beam coherence),[158] lens astigmatism, 159 spherical
aberrations,[12] energy filter distortion,[16% and mechanical tilting. Ideally, all of the above
parameters should to be adjusted, optimized, corrected, and compensated before or during
ET data acquisition and 3D reconstruction.

4.2. Strategies in ET

The following section provides a brief account of selected aspects of sample preparation,
data acquisition, tilt-series alignment, and 3D-reconstruction techniques.

4.2.1. Sample Preparation—Biological samples have generally poor contrast to their
image background, typically amorphous carbon, and can be easily damaged by the electron
beam during imaging. As a result, numerous methods have been developed to both enhance
sample contrast, and improve sample integrity under illumination. For the purpose of the
following discussion, we broadly categorize these methods into three groups based on the
main strategy used in the sample preparation: staining-based methods, cryogenic methods
(cryofixation) and combinations of both staining and cryofixation. The method of choice
usually depends on the targeted resolution, the purpose of the study, and the nature of the
sample, which can vary from individual molecules to whole cells or tissues.

Staining-Based Sample Preparation: Staining-based sample preparation, used to improve
image contrast, includes negative staining['61] and positive staining.[162] Negative staining is
the most-popular technique, in which the sample is surrounded with a layer of charged
heavy-metal salts. The stain appears as dark regions on the edges of molecules in images,
thus highlighting their shape in a “negative” contrast image.[*63] When the stain is
sufficiently thin, only barely covering the sample surface, a “positive” contrast image is
generated, termed positive staining. The high image contrast, in both cases, is due to the fact
that the heavy-metal ions scatter more electrons compared with the lighter atoms in the
sample.[164-166] The heavy-metal coating on the sample permits a high dose with high
contrast for easier determination of particle orientation in 3D reconstructions.[167] Negative-
staining reagents include phosphotungstic acid salts, ammonium molybdate, uranyl acetate,
uranyl formate, and methylamine vanadate. Phosphotungstic acid is particularly widely used
in standard protocols due to its near physiological pH.[168] In general, preparation of stained
samples is simple and efficient compared to cryo-electron-microscopy (cryo-EM). It
therefore permits the screening of a large number of samples and conditions.

Although TEM studies that utilized negative staining were able to observe macromolecules,
the fine details of those molecules remained unresolved.[34 It was generally believed that a
detailed particle structure was preserved and stabilized with negative staining.[169] Other
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studies showed that the stain could introduce distortions to some molecules, such as general
aggregation, molecular dissociation, and flattening.[167:170.171] For example, a common
artifact due to negative staining of lipid-related proteins is that particles stacked and packed
together into a structure called a rouleaux.[163.172-176] Recently, an optimized negative-
staining (OpNS) method[277-179] was proposed via a refined conventional protocol (Figure
10).[180] The OpNS protocol has been validated by proteins with a known structure,[17°]
including cholesterol ester transfer protein (CETP),[162] GroEL, and proteasome (Figure
11),[181] and applied to examine the structures of lipoproteins(77:178] and flexible
antibodies.[37]

Cryo-EM: The main advantage of cryo-EM is that the samples can be examined in their
hydrated native state.[23.182-184] Samples embedded in a physiological buffer or even inside
cells could avoid potential artifacts induced by dehydration, chemical fixation, or
staining.[185] Unlike for hard materials, images from soft materials and biomaterials exhibit
low contrast, which arises from differences between the scattering densities of the
biomolecules and the solvent. Small proteins are difficult to be visualized or identified,
although the image contrast of the overall shape of biomolecules can be enhanced by
defocusing.[186:187]

Cryofixation of hydrated samples is currently the most-common ET method to examine
micrometer- to nanometer-scale objects, including 2D molecular crystals and helical
structures. Samples are fixed by rapid freezing with liquid ethane using a plunger and then
transferred to liquid nitrogen (or liquid helium) for storage. TEM imaging is accomplished

while the sample is maintained at liquid-nitrogen temperature in a cryo-holder (Figure
12).[185,188-191]

Cryo-EM of vitrified sections (called CEMOVIS) is a method to prepare thicker samples
using a high-pressure freezing machine. The machine, operating under more than 102 bar
pressure, enables rapid cooling of thick samples before the formation of ice crystals.[194]
The vitrified sample is then sectioned by a cryo-microtome to obtain a thin layer of sample,
such as a thickness of ca. 50 nm. The technique has been applied to several studies,
including ET of cells.[195.196] The limitation of this method includes potential artifacts at the
cutting surface, such as compressions or crevasses, which can be several nanometers
deep.[197]

Cryo-Negative and Cryo-Positive Staining: In cryo-EM, small proteins (<200 kDa)
exhibit low contrast compared with the vitrified ice background, and the proteins are
extremely challenging to identify. Consequently, particle orientations and classes are
difficult to determine by cross-correlation calculations. This is also difficult for large
proteins that are structurally flexible and naturally fluctuate in solution, because they exhibit
a continuous range of conformations.[37:162]

By combination of the advantages of both cryo-EM and negative staining, Adrian and co-
workers[198.199] reported a cryo-negative-staining (cryo-NS) method. In cryo-NS, the
sample was mixed with a staining solution (16% ammonium molybdate) and then rapidly
frozen to produce a thin layer of vitrified ice. Cryo-NS enables high-contrast images with a
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relatively higher resolution than negative staining. The image resolution from cryo-NS
samples of tobacco mosaic virus (TMV) rods and catalase crystals shows information in
reciprocal space up to 10 A. Cryo-NS images have a reversed image contrast compared to
that from unstained vitrified cryo-EM.

Recently, Ren and co-workers reported another combination of cryo-EM and a staining
method by using 1% uranyl formate (UF)[162] instead of 16% ammonium molybdate as the
staining solution. The staining solution was mixed with the samples before cryo-EM
preparation. Since the image contrast is inverted compared to the cryo-NS method,[198-200]
but consistent with images obtained from conventional cryo-EM, the method was termed
cryo-positive staining (cryo-PS). Cryo-PS provides high-contrast images of small and
asymmetric proteins, such as a 53 kDa cholesterol ester transfer protein (CETP). The high-
contrast images contain fine-structural details of the protein, similar to the secondary
structure solved by X-ray crystallography of these molecules (Figure 13). The cryo-PS made
it possible to achieve a 3D reconstruction of a 53 kDa protein with 1.4 nm resolution by
single-particle reconstruction, providing a new sample preparation technique for ET.[162]

4.2.2. Image-Acquisition Strategies

Automated Data Acquisition: The recent growth in the ET field has been fostered by
automated computer control.[201.202] Dyring tilt-series acquisition, the sample stage suffers
from various mechanical vibrations induced by gears, motors, liquid nitrogen, and thermal
expansion.[203.204] As a result, neither the specimen central position (x and y planes) nor the
eucentric height (z) could be fixed throughout the collection of the tilt series. Automated
data collection software attempts to compensate for these imperfections through the use of
various computational algorithms. For example, x- and y-plane translational parameters can
be determined by using a reference image before re-centering the specimen for the next tilt-
image acquisition.[202] Other methods attempt to predict the translational parameters using
previous tilted-image positions,[205:206] or ysing combination of both the predicted positions
and reference images.[201] Sequential data acquisition for single-[202] and dual-tilt,[297] and
also random canonical tilt series have been automated.[208.209] Facilitating program
functions, such as real-time reconstruction using parallel computing and specimen
autofocus, have been implemented.[203] A number of software packages for automated data
collection are currently widely used by the biological/soft material ET community, such as
UCSF tomography,[206] |_eginon,[210] SerialEM,[292] Xplore3D,[211] TOM software
toolbox[212] and Gatan Tomography.

Dose L imitation: The resolution of a TEM image is limited by many factors, including the
SNR. Biological materials are quickly destroyed by the electron beam, which tends to break
bonds between atoms in the structure. The radiation damage often destroys the fine spatial
detail before the large overall structure.

Optimal exposure will depend on the target resolution. The dose limitations for both single-
particle reconstruction and ET reconstruction have been discussed frequently in the literature
over the years.[24.186,.213-218] |t js ysually thought that ET is more tolerant to overexposure
than single-particle reconstruction methods because ET usually targets a lower resolution,
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and exposure is applied at a lower dose rate over a longer time.[217] Conventionally,
exposure of 5-20 e~ A2 is often used in imaging for single-particle reconstruction to
achieve a structure resolution beyond 4 A.[23.191.219] By ET it has been reported that ca. 20
A resolution is feasible for a thin sample with a total exposure of 120 e~ A=2:14] However,
in many studies, a higher dose is often used in ET imaging.[38:179.210] |t s difficult to
determine the actual dose limitation for ET imaging because a quantitative method to assess
the degree of radiation damage is not available.

The severity of radiation damage can be affected by sample temperature. It is well known
that the rate of chemical reactions is influenced by the temperature, which affects molecular
motion and hence the collision rate between molecules.[22°] Considering biological samples
are sensitive to radiolysis (or ionization damage by inelastic scattering), low temperatures
can slow down radiation damage. For example, catalase crystals show higher resolution in
electron diffraction under frozen conditions than that under room temperature.[186] Although
cooling itself does not eliminate radiation damage (bond breaking occurs at all
temperatures), the cooling can reduce the motion of irradiated molecules.[221] Theoretically,
any method of sample fixation should reduce the mobility of particles, and therefore reduce
radiation damage.[222 Currently, in cryo-EM, liquid nitrogen is used to reach a cryogenic
temperature of 77 K. It has been reported that optimal cryogenic temperatures to reduce
beam damage from both X-rays and electron sources is ca. 50 K.[218.223] The cost-to-benefit
ratio of this relatively small improvement is still a point of debate.[222]

To reduce the temperature increase of the specimen in cryo-EM during illumination, Zhang
and Ren!38] proposed using a large piece of ice (ca. 7-10 pm) for ET imaging. A larger
volume of ice provides more material to absorb heat and increases tolerance to radiation
damage. It is usually observed that an exposure of ca. 30-40 e~ A=2 could generate bubbling
in carbon-film areas that are covered with super-thin ice; however, the larger-ice areas
suspended across a hole in the carbon film bubbles less (Figure 12f). Additionally, the larger
piece of ice provides a larger evenly flat sample area, which provides a more-even
background contrast during tilting.[38.179]

To reduce the specimen motion during irradiation, Russo and Passmorel224] recently
developed a gold specimen substrate to increase the heat transfer rate and nearly eliminate
specimen motion during irradiation. The improvement may be due to the high thermal and
electron conductivity of the gold material supporting the frozen sample.

L ow-Dose CCD and Direct Electron Detectors: Considering that the dose used for
imaging biological samples is much lower than that used for hard materials, low-dose-
sensitive charge-coupled device (CCD) detectors were specifically designed for biological
applications.[225] Today, CCD detectors have almost entirely replaced photographic film for
imaging due to their fast response, low noise, easy operation, and real-time image
examination.[226] Moreover, real-time monitoring of radiation damage using CCD detectors
provides an extra benefit to optimize the experimental conditions to maximize the dose on
the sample.
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CCD detectors are easily damaged by high-energy electrons, and are coupled with a
phosphor that converts the incident electrons to photons. The electrons scatter in the
phosphor blurring information between pixels. A new type of detector, called a direct
electron detector (DED), produces higher-resolution images from a thin readout area that
directly detects electrons without a phosphor. The detector also provides a fast rapid readout
rate of 2 ms.[227] Recently, Li et. al. showed that the combination of rapid readout and
nearly-noiseless electron counting allowed image blurring to be corrected to subpixel
accuracy, restoring intrinsic image information at high resolution.[*52] For example, using
this camera, a 3.3 A resolution-structure of GroEL[52] and 3.4 A resolution-structure
mammalian transient receptor potential (TRP) channell23] were reconstructed by single
particle reconstruction. The structure of TRP determined using a DED broke the side-chain
resolution barrier for membrane proteins without crystallization.

Phase Plates: An alternative approach to enhance the low-dose image contrast is by using a
phase plate. A common type of phase plate, called the Zernike phase plate, consists of a
continuous amorphous carbon film with a small central hole placed in a diffraction plane
after the specimen. The zero-order beam passes through the central hole, while scattered
electrons are phase-shifted by — 772, resulting in a many-fold increase in specimen
contrast.[228.229] By implementing a phase-plate with cryo-EM, visualization of small
proteins with molecular mass of ca.100 kDa is promising. A phase-plate was implemented in
ET by Dai et al.[230] to visualize a cyanophage virus as it matured inside a Synechococcus
cell (Figure 14).

4.2.3. Alignment Strategies—The alignment of low-dose tilt images plays a crucial role
in obtaining an accurate 3D reconstruction. Some commonly used methods in soft materials
and biomaterials are described below.

Fiducial-Marker Alignmentx: The most-common method is carried out with the aid of
heavy-metal markers. The markers provide high-contrast reference points for the
determination of the geometric angles and positions of the tilt images. Commonly, 5-10 nm-
diameter gold beads are added to the sample during sample preparation. Usually, 5-10
fiducial markers in the field of view is considered sufficient for aligning the tilt images.[231]

Cross-Correlation Alignment: Another alignment method without using gold beads is
implemented by calculating the cross-correlation coefficients among the tilt images. The
advantage of this method is that it does not require any sample manipulation prior to data
acquisition.[239] However, this method depends primarily on having a high-density object
(usually unique) in the image. For low-contrast imaging, the alignment has a lower accuracy
compared to marker-based alignment.

4.2.4. 3D-Reconstruction Strategies—Numerous software packages and algorithms
have been developed for 3D reconstruction, such as SPIDER,[232] EMAN,[233] [MOD,[234]
IMAGIC,[235] EM3D,[236.237] and UCSF Tomography.[20¢] Although the software packages
use different strategies, algebraic reconstruction technique (ART),[238] SIRTI84] or WBP are
generally used. The details of the algorithms have been reviewed.[26] Here, we briefly
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describe three typical strategies in improving the resolution of reconstruction of proteins by
ET.

Subvolume Averaging: In subvolume averaging, a large-volume, low-resolution, high-

noise 3D reconstruction containing many particles is first reconstructed from the tilt series of
large-size whole microscopy images. Local regions containing only one macromolecular
structure are identified and isolated into small volumes from the overall density map.
Hundreds to thousands of such subvolumes are submitted for classification and 3D
alignment. Similar subvolumes with high cross-correlation values are averaged together to
increase the SNR and reduce reconstruction errors. By subvolume averaging, it is possible to
obtain a higher resolution.[204.239.240] The subvolume-averaging method is largely restricted
to specimens that have some form of symmetry, with partially known orientation on the
substrate, such as phages on bacteria surfaces (Figure 15).[241-243]

I ndividual-Particle Electron Tomography: For proteins with asymmetry, subvolume
averaging is challenging, because 3D alignment by cross-correlation calculation is not
sensitive to the orientation, due to low-quality and high-noise subvolumes. Therefore,
obtaining a high-quality 3D reconstruction from each individual protein became essential.

Large-size whole microscopy images are often used to determine the geometric angles and
translational parameters of each image in the data set.[244-249] |t is commonly believed that
using maximum information from the whole image can provide the most-accurate tilt-series
alignment. The 3D-reconstruction resolution from whole-image tilt series rarely exceeds 30
A. It was believed that the resolution limitation is ca. 20 A in theory.[250] Zhang and Ren[38]
reported that large-scale image distortion could limit the accuracy in determining the
geometric angles and translational parameters when using the whole-image. The distortion
can be induced by defocus, astigmatism, projector lens, and energy filter, and even
radiation-induced deformations. These large-scale distortions can induce more errors to the
alignment when the structures are located near the edges of the microscopy images than
when they are located near the center. Inaccurate determination of translational and tilting
parameters would directly affect the 3D-reconstruction resolution, which cannot be reduced
by subvolume averaging.

To reduce the influences from image distortion, Zhang and Ren[38] reported an individual-
particle electron tomography (IPET) method to reduce translational errors in a tilt-series
alignment, which improved the resolution of 3D reconstructions without using subvolume
averaging. Smaller selected regions containing an object of interest are isolated from the
whole-image tilt series. It was estimated that the maximum translational error in the
alignment of the smaller images is less than half of a pixel, much smaller than the full-size
microscopy-image scale alignment. The smallest image size that can be used contains only
one unique particle of interest. IPET utilizes the focused electron tomography reconstruction
(FETR) algorithm. The algorithm is an iterative refinement process containing a series of
automatically generated dynamic filters, soft-masks, and multiple alignment steps (using
information gradually from low resolution to high resolution). IPET/FETR can compensate
for certain levels of errors in the original tilt-series alignment through precisely determining
the translational parameters. The 3D reconstruction of a unique particle can be achieved at
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an intermediate resolution (1-4 nm). IPET reconstruction does not require an initial model,
class averaging of multiple molecules, nor an extended ordered lattice. This approach was
validated using two negatively stained antibody particles (Figure 16a—f) and two 17 nm
high-density lipoprotein particles from cryo-EM (Figure 16g-I). The method has been also
used to uncover the domain conformational changes of antibodies,[252] one of the most
flexible proteins when bound to peptides.[37] By statistically analyzing the variation of the
3D reconstructions from different particles, IPET can potentially uncover the dynamic
characteristics and equilibrium fluctuations of macromolecules.

Constrained Single-Particle Cryo-ET: Another method that uses small-sized images for
3D reconstruction was proposed by Bartesaghi et al.,[252] in which a combination of ET
tilted images and single-particle reconstruction is used to determine the protein structure,
termed constrained single-particle tomography. The method acquires many low-dose tilt
series of randomly oriented, identical particles. The set of projections of a particle in a tilt
series has known orientations due to the tilting. The known tilt-angles of the particle
projections are used as a constraint during refinement with a reference model. Image sets of
different particles were submitted to a conventional single-particle refinement for 3D
reconstruction, incorporating geometric constraints from ET. The initial model was obtained
from a standard ET subvolume averaging to reduce model bias. This method also reduced
over-refinement artifacts due to ET constraints of projection orientations. A protein structure
at resolutions of ca. 8 A was demonstrated. However, the 3D reconstruction is averaged
from different particles that are assumed to share a homologous structure.

4.2.5. Resolution Estimation in ET 3D Reconstructions—Assessment of the
resolution of TEM 3D reconstructions has been discussed for a decade.[231:253.254] However,
a robust standard method to determine the 3D-reconstruction resolution of TEM is not
available. Several methods used in single-particle reconstruction have been introduced for
estimating the ET 3D-reconstruction resolution. The first method is derived from a
conventional method.[255-2571 The final aligned tilt series was split into two groups based on
their even and odd tilt indexes, where each group is used to generate a 3D structure. The
similarity between these two reconstructions was computed in reciprocal space in which the
correlation between the Fourier components was calculated against their frequency, known
as Fourier shell correlation (FSC).[258] The value at which the FSC curve drops to 0.5 was
used to estimate the resolution.[38] The second method is derived from the so-called “gold
standard” method.[250] The raw tilt images, instead of the aligned images, were split into
two groups for independent alignment to achieve their corresponding 3D reconstructions,
which are less likely to contain noise correlation.[253259] The FSC computed from those two
3D reconstructions was plotted against their spatial frequencies.[26%] The frequency at which
the FSC curve fell below 0.143 instead of 0.5[250.260] was used to represent the final ET
reconstruction resolution. This method may avoid overestimating the resolution due to noise
correlation. The third method utilizes the FSC curve between the final ET 3D reconstruction
and a density map calculated from the best-fit atomic model using known structures. The
value at which the FSC curve (computed between these two density maps) drops to either
0.143 or 0.5 was used for resolution estimation. Another possible method compares the
structural detail of an ET 3D reconstruction to the protein structures determined by X-ray
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crystallography, such as a domain size, “hole” diameter, «a helices, f sheets, and side chains.
Parts of an ET 3D reconstruction displaying those features (and their relative resolutions)
can be indicative of the attained resolution.[38]

4.2.6. Other Useful Tools for ET Research

Contrast Transfer Function (CTF) Correction: Since the cryo-EM image contrast of
proteins is very low, a high defocus condition (ca. 3-6 um) is often used to enhance the
overall shape of protein particles during ET data acquisition. Usually, the defocus value is
chosen at the condition where that frequency at the first minima of the CTF is higher than
the targeted resolution. In such a case, the CTF does not need to be corrected. For higher
resolution, the CTF correction becomes necessary. For a tilted specimen, the CTF varies
across the sample perpendicular to the tilt axis because the field-of-view contains different
defocus conditions.[261] |t is difficult to measure and correct the defocus gradient, especially
under conditions of image drift, astigmatism, and mechanical vibration in the z-direction.
Fortunately, several software packages have been developed specifically for CTF correction
of ET images, including TomoCTF[262] and CTFPLOTTER.[263]

Molecular-Dynamics Flexible Fitting: Molecular-dynamics flexible fitting (MDFF) is a
computational method that utilizes molecular-dynamics simulations to fit an atomic
resolution model into a low-resolution density map determined by ET.[264.265] MDFF has
been particularly useful in studying dynamic systems that are captured in different states by
single-particle reconstruction, such as a ribosome,[264] and by tomography, such as
antibodies.[37:264] Fitting small units/domains into the 3D reconstruction of a large object
shows great potential in understanding macromolecule function and mechanisms.[266] One
implementation of this method is in the software package called NAMD.[267]

Data Management (EM Database): The goal of ET 3D reconstruction of biological
molecules is to provide a detailed understanding of biological processes through structural
analysis. The published ET 3D reconstructions could benefit the research communities in a
similar field. However, data management of 3D reconstructions is challenging due to the
wide variety of biological samples studied (from macromolecules to cells), sample-
preparation methods, TEM instruments, imaging conditions, reconstruction methods, and
data formats. The Electron Microscopy Data Bank (EMDB) is a unified global portal for
deposition and retrieval of EM 3D reconstructions and atomic models, as well as a resource
for news, events, software tools, data standards, and validation methods for the EM
community.[268] The database currently holds ca. 3000 density maps from ca. 1200
publications,[269] in which ca. 20% of the density maps were determined by ET related
methods. The rate of deposition of density maps has increased significantly in recent years
(Figure 17).

5. Conclusion

In both the physical and biological sciences, ET is now commonly used to investigate 3D
structures at the nanoscale. The technique provides a wide range of resolutions, taking full
advantage of the versatile capabilities of TEM and STEM. This review discusses recent
hardware and software developments that have significantly improved 3D analytical
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capabilities to determine morphology, shape, composition, and functionality of many
different types of nanoscale structures. New research is exploring the interesting materials
properties of systems that incorporate both hard and soft materials with the potential to
significantly affect nanoscale functionality in applications such as plasmonics, catalysis and
sensors. These hybrid systems require the development of analytical technologies that
combine techniques from hard and soft matter to resolve both phases in the same 3D
reconstruction. Knowledge of the limitations and solutions from both fields provides a
starting point to investigate such 3D structures, especially at hard/soft matter interfaces.

Acknowledgments

The authors thank E. J. Kirkland for help in calculating the TEM and STEM contrast transfer functions. Work at the
Molecular Foundry was supported by the Office of Science, Office of Basic Energy Sciences, of the U.S.
Department of Energy under Contract No. DE-AC02-05CH11231. G.R. is supported by the National Heart, Lung,
and Blood Institute of the National Institutes of Health (no. RO1HL115153), and the National Institute of General
Medical Sciences of the National Institutes of Health (no. RO1GM104427).

Biographies

Peter Erciusis a staff scientist at the National Center for Electron Microscopy (NCEM), a
facility within the Molecular Foundry (MF), Lawrence Berkeley National Laboratory, USA.
He received his BS in applied and engineering physics from Cornell University in 2003 and
his Ph.D. in applied and engineering physics from Cornell University in 2009. He joined
NCEM as a collaborative postdoctoral fellow to develop high-resolution electron
tomography. His current work focuses on 3D structural analysis for materials science using
electron tomography at the sub-nanometer scale and aberration-corrected scanning
transmission electron microscopy (STEM) structural analysis at atomic resolution.

Gang Ren is a staff scientist of the Molecular Foundry (MF), Lawrence Berkeley National
Laboratory, USA. He received his BS and MS in theoretical physics at Lanzhou University,
China in 1990 and 1993, and his Ph.D. in material physics at the University of Science and
Technology Beijing in 1997. After receiving his postdoctoral training at the Scripps

Adv Mater. Author manuscript; available in PMC 2016 October 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ercius et al. Page 30

Research Institute (La Jolla, CA, USA) and Baylor College of Medicine (Houston, TX,
USA), he joined the Department of Biophysics and Biochemistry at UCSF in 2006 as a
Keck fellow, and joined MF at LBNL in 2010 for developing the individual particle electron
tomography (IPET) technique.

References
1. de Broglie L. Nature. 1924; 114:51.
2. Oatley CW. J Appl Phys. 1982; 53:R1.
3. Mathys, D. PhD Thesis, Zentrum fiir Mikroskopie, University of Basel. p. 8
4. Bogner A, Jouneau P-H, Thollet G, Basset D, Gauthier C. Micron. 2007; 38:390. [PubMed:

16990007]

5. Nobel Media AB 2014. Nobel Foundation (Physics in 1986); “Ernst Ruska - Biographical” at
Nobelprize.org. available from: http://www.nobelprize.org/nobel_prizes/physics/laureates/1986/
ruskabio.html; accessed: May 2015.

6. Rose HH. J Electron Microsc. 2009; 58:77.
7. Luey K. Metall Trans A. 1991; 22:2077.

8. Williams, DB.; Carter, CB. Transmission Electron Microscopy: A Textbook for Materials Science.
Springer; New York: 2009. p. 3

9. Pierce L, Buseck PR. Science. 1974; 186:1209. [PubMed: 17833934]

10. Scherzer O. Z Phys. 1936; 101:593.

11. Thorel A, Ciston J, Bartel T, Song CY, Dahmen U. Philos Mag. 2013; 93:1172.

12. Scherzer O. J Appl Phys. 1949; 20:20.

13. Haider M, Uhlemann S, Schwan E, Rose H, Kabius B, Urban K. Nature. 1998; 392:768.

14. Haider M, Rose H, Uhlemann S, Schwan E, Kabius B, Urban K. Ultramicroscopy. 1998; 75:53.

15. Erni R, Rossell M, Kisielowski C, Dahmen U. Phys Rev Lett. 2009; 102:096101. [PubMed:
19392535]

16. Crewe AV, Wall J, Langmore J. Science. 1970; 168:1338. [PubMed: 17731040]
17. Engel A. Ultramicroscopy. 1978; 3:355. [PubMed: 366846]

18. Howie A. J Microsc. 1979; 117:11.

19. de Rosier DJ, Klug A. Nature. 1968; 217:130. [PubMed: 23610788]

20. Hoppe W, Gassmann J, Hunsmann N, Schramm HJ, Sturm M. Hoppe-Seyler’s Z Physiol Chem.
1974; 355:1483. [PubMed: 4142629]

21. Spence JCH. Mater Sci Eng, R. 1999; 26:1.

22. Midgley PA, Weyland M. Ultramicroscopy. 2003; 96:413. [PubMed: 12871805]
23. Liao M, Cao E, Julius D, Cheng Y. Nature. 2013; 504:107. [PubMed: 24305160]
24. Unwin PN, Henderson R. J Mol Biol. 1975; 94:425. [PubMed: 1236957]

25. DiMaio F, Tyka MD, Baker ML, Chiu W, Baker D. J Mol Biol. 2009; 392:181. [PubMed:
19596339]

26. Penczek PA. Methods Enzymol. 2010; 482:1. [PubMed: 20888956]
27. Radon J. Ber Sachs Akad Wiss. 1917; 69:262.

28. Bracewell R. Aust J Phys. 1956; 9:198.

29. Oldendorf WH. IRE Trans Bio-Med Electron. 1961; BME-8:68.
30. Cormack AM. Phys Med Biol. 1973; 18:195. [PubMed: 4805109]
31. Hounsfield GN. Br J Radiol. 1973; 46:1016. [PubMed: 4757352]
32. Richmond C. BMJ [Br Med J]. 2004; 329:687.

33. Ambrose J. Br J Radiol. 1973; 46:1023. [PubMed: 4757353]

34. Hart RG. Science. 1968; 159:1464. [PubMed: 4183952]

35. Hoppe W. Optik. 1969; 29:617.

Adv Mater. Author manuscript; available in PMC 2016 October 14.


http://www.nobelprize.org/nobel_prizes/physics/laureates/1986/ruskabio.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/1986/ruskabio.html

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ercius et al.

36.

37.

38.
39.

40.

41.

42

45.

46

53.
54.
55.
56.
57.
58.

59.
60.
61.
62.
63.

64.
65.
66.
67.
68.
69.
70.

71.

72.
73.

Page 31

Scott MC, Chen CC, Mecklenburg M, Zhu C, Xu R, Ercius P, Dahmen U, Regan BC, Miao J.
Nature. 2012; 483:444. [PubMed: 22437612]

Tong H, Zhang L, Kaspar A, Rames MJ, Huang L, Woodnutt G, Ren G. Sci Rep. 2013; 3:1089.
[PubMed: 23346347]

Zhang L, Ren G. PL0S One. 2012; 7:30249. [PubMed: 22291925]

Beck M, Luci V, Forster F, Baumeister W, Medalia O. Nature. 2007; 449:611. [PubMed:
17851530]

Grimm R, Singh H, Rachel R, Typke D, Zillig W, Baumeister W. Biophys J. 1998; 74:1031.
[PubMed: 9533716]

Koning RI, Koster AJ. Anal Anat. 2009; 191:427.

. Pennycook SJ. Ultramicroscopy. 1989; 30:58.
43.
44,

Crowther RA, DeRosier DJ, Klug A. Proc R Soc London, Ser A. 1970; 317:319.

Hawkes, PW. Electron Tomography: Methods for Three-Dimensional Visualization of Structures
in the Cell. Frank, J., editor. Springer; New York: 2006.

Herman, GT. Image Reconstruction from Projections: Implementation and Applications, Topics in
Applied Physics. Vol. 32. Academic Press; New York: 1979.

. Mersereau RM. Comput Biol Med. 1976; 6:247. [PubMed: 1000953]
47.
48.
49.
50.
51.
52.

Deans, SR. The Radon Transform and Some of its Applications. Wiley; New York: 1983.
Radon J. Ber Sachs Akad Wiss, Leipzig, Math - Phys Kl. 1917; 69:262.

Radermacher M. J Electron Microsc Tech. 1988; 9:359. [PubMed: 3058896]

Arslan I, Tong JR, Midgley PA. Ultramicroscopy. 2006; 106:994. [PubMed: 16890358]
Egerton RF, McLeod R, Wang F, Malac M. Ultramicroscopy. 2010; 110:991.

Barton B, Jiang B, Song C, Specht P, Calderon H, Kisielowski C. Microsc Microanal. 2012;
18:982. [PubMed: 23083920]

Peplow M. Nature. 2015; 520:148. [PubMed: 25855438]

Hallinan DT, Balsara NP. Annu Rev Mater Res. 2013; 43:503.

Arslan |, Yates TJV, Browning ND, Midgley PA. Science. 2005; 309:2195. [PubMed: 16195455]
Hey T. Contemp Phys. 1999; 40:257.

Egerton RF. Ultramicroscopy. 2013; 127:100. [PubMed: 22910614]

Muller DA, Kourkoutis LF, Murfitt M, Song JH, Hwang HY, Silcox J, Dellby N, Krivanek OL.
Science. 2008; 319:1073. [PubMed: 18292338]

Egerton RF, Li P, Malac M. Micron. 2004; 35:399. [PubMed: 15120123]

Malm JO, O’Keefe MA. Ultramicroscopy. 1997; 68:13.

Koster AJ, Ziese U, Verkleij AJ, Janssen AH, de Jong KP. J Phys Chem B. 2000; 104:9368.
Ercius P, Weyland M, Muller DA, Gignac LM. Appl Phys Lett. 2006; 88:243116.

Krivanek OL, Chisholm MF, Nicolosi V, Pennycook TJ, Corbin GJ, Dellby N, Murfitt MF, Own
CS, Szilagyi ZS, Oxley MP, Pantelides ST, Pennycook SJ. Nature. 2010; 464:571. [PubMed:
20336141]

Muller A, Grazul J. J Electron Microsc. 2001; 50:219.

Scherzer O. Optik. 1947; 2:114.

Uhlemann S, Haider M. Ultramicroscopy. 1998; 72:109.

Meyer WE. Optik. 1961; 18:101.

Rose H. Optik. 1971; 24:285.

Dellby N, Krivanek OL, Nellist PD, Batson PE, Lupini AR. J Electron Microsc. 2001; 50:177.

Huang PY, Kurasch S, Srivastava A, Skakalova V, Kotakoski J, Krasheninnikov AV, Hovden R,
Mao Q, Meyer JC, Smet J, Muller DA, Kaiser U. Nano Lett. 2012; 12:1081. [PubMed: 22268818]

Krivanek, OL.; Zhou, W.; Chisholm, MF.; Idrobo, JC.; Lovejoy, TC.; Ramasse, QM.; Dellby, N.
Low Voltage Electron Microscopy. Bell, DC.; Erdman, N., editors. John Wiley & Sons, Ltd.;
Hoboken, N, USA: 2012. p. 119

Weyland M, Muller DA. FEI NanoSolutions. 2005; 1:24.
Intaraprasonk V, Xin HL, Muller DA. Ultramicroscopy. 2008; 108:1454. [PubMed: 18672329]

Adv Mater. Author manuscript; available in PMC 2016 October 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ercius et al.

74.

75.

76.

7.

78.

79.

80.
81.
82.

83.

84.
85.
86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

96.

97.

98.

99.

Page 32

Cosgriff EC, D’Alfonso AJ, Allen LJ, Findlay SD, Kirkland Al, Nellist PD. Ultramicroscopy.
2008; 108:1558. [PubMed: 18639381]

Xin HL, Muller DA. J Electron Microsc. 2009; 58:157.
Couillard M, Radtke G, Knights AP, Botton GA. Phys Rev Lett. 2011:107.

Lozano JG, Yang H, Guerrero-Lebrero MP, D’ Alfonso AJ, Yasuhara A, Okunishi E, Zhang S,
Humphreys CJ, Allen LJ, Galindo PL, Hirsch PB, Nellist PD. Phys Rev Lett. 2014; 113:135503.
[PubMed: 25302902]

Xin HL, Dwyer C, Muller DA, Zheng H, Ercius P. Microsc Microanal. 2013; 19:1036. [PubMed:
23692691]

Saghi Z, Holland DJ, Leary R, Falqui A, Bertoni G, Sederman AJ, Gladden LF, Midgley PA. Nano
Lett. 2011; 11:4666. [PubMed: 21950497]

Hyun JK, Ercius P, Muller DA. Ultramicroscopy. 2008; 109:1. [PubMed: 18752895]
Hovden R, Xin HL, Muller DA. Microsc Microanal. 2011; 17:75. [PubMed: 21122192]

Dahmen T, Baudoin JP, Lupini AR, Kiibel C, Slusallek P, de Jonge N. Microsc Microanal. 2014;
20:548. [PubMed: 24548618]

Hovden R, Ercius P, Jiang Y, Wang D, Yu Y, Abrufia HD, Elser V, Muller DA. Ultramicroscopy.
2014; 140:26. [PubMed: 24636875]

Gilbert P. J Theor Biol. 1972; 36:105. [PubMed: 5070894]
Wolf D, Lubk A, Lichte H. Ultramicroscopy. 2014; 136:15. [PubMed: 24008024]

Erni R, Rossell MD, Kisielowski C, Dahmen U. Phys Rev Lett. 2009; 102:096101. [PubMed:
19392535]

LeBeau JM, Findlay SD, Allen LJ, Stemmer S. Phys Rev Lett. 2008; 100:206101. [PubMed:
18518557]

van Aert S, Batenburg KJ, Rossell MD, Erni R, van Tendeloo G. Nature. 2011; 470:374. [PubMed:
21289625]

den Dekker AJ, van Aert S, van den Bos A, van Dyck D. Ultramicroscopy. 2005; 104:83.
[PubMed: 15982520]

Goris B, Bals S, van den Broek W, Carbd-Argibay E, Gomez-Grafia S, Liz-Marzan LM, van
Tendeloo G. Nat Mater. 2012; 11:930. [PubMed: 23085569]

Jia CL, Mi SB, Barthel J, Wang DW, Dunin-Borkowski RE, Urban KW, Thust A. Nat Mater.
2014; 13:1044. [PubMed: 25242534]

Lee E, Fahimian BP, lancu CV, Suloway C, Murphy GE, Wright ER, Castafio-Diez D, Jensen GJ,
Miao J. J Struct Biol. 2008; 164:221. [PubMed: 18771735]

Miao J, Forster F, Levi O. Phys Rev B. 2005; 72:052404.

Scott MC, Chen CC, Mecklenburg M, Zhu C, Xu R, Ercius P, Dahmen U, Regan BC, Miao J.
Nature. 2012; 483:444. [PubMed: 22437612]

Mao Y, Fahimian BP, Osher SJ, Miao J. IEEE Trans Image Process. 2010; 19:1259. [PubMed:
20051344]

Chen C-C, Zhu C, White ER, Chiu CY, Scott MC, Regan BC, Marks LD, Huang Y, Miao J.
Nature. 2013; 496:74. [PubMed: 23535594]

Zhu C, Chen CC, Du J, Sawaya MR, Scott MC, Ercius P, Ciston J, Miao J. Phys Rev B. 2013;
88:100201.

Yu Z, Thibault JB, Bouman CA, Sauer KD, Hsieh J. IEEE Trans Image Process. 2011; 20:161.
[PubMed: 20643609]

Thibault J-B, Sauer KD, Bouman CA, Hsieh J. Med Phys. 2007; 34:4526. [PubMed: 18072519]

100. Rossouw CJ, Allen LJ, Findlay SD, Oxley MP. Ultramicroscopy. 2003; 96:299. [PubMed:

12871796]

101. Venkatakrishnan SV, Drummy LF, Jackson MA, De Graef M, Simmons J, Bouman CA. IEEE

Trans Image Process. 2013; 22:4532. [PubMed: 23955748]

102. Venkatakrishnan SV, Drummy LF, Jackson MA, De Graef M, Simmons JP, Bouman CA. IEEE

Trans Image Process. 2013; 22:4532. [PubMed: 23955748]

103. Liu L. J Med Imaging Radiat Sci. 2014; 45:131.

Adv Mater. Author manuscript; available in PMC 2016 October 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ercius et al.

104.
105.

106.

107.

108.
109.

110.

111.

112.

113.
114.
115.

116.
117.

118.
119.

120.

121.

122.

123.
124.

125.

126.

127.
128.

129.

130.
131
132.

133.
134.

Page 33

Donoho DL. IEEE Trans Inf Theory. 2006; 52:1289.

Leary R, Saghi Z, Midgley PA, Holland DJ. Ultramicroscopy. 2013; 131:70. [PubMed:
23834932]

Goris B, Roelandts T, Batenburg KJ, Heidari Mezerji H, Bals S. Ultramicroscopy. 2013; 127:40.
[PubMed: 22951262]

Nicoletti O, de la Pefia F, Leary RK, Holland DJ, Ducati C, Midgley PA. Nature. 2013; 502:80.
[PubMed: 24091976]

Voyles PM, Grazul JL, Muller DA. Ultramicroscopy. 2003; 96:251. [PubMed: 12871793]

Yaguchi T, Konno M, Kamino T, Watanabe M. Ultramicroscopy. 2008; 108:1603. [PubMed:
18715717]

Giannuzzi, LA.; Kempshall, BW.; Schwarz, SM.; Lomness, JK.; Prenitzer, Bl.; Stevie, FA.
Introduction to Focused lon Beams. Giannuzzi, LA.; Stevie, FA., editors. Springer; New York:
2005. p. 201

Ercius P, Gignac LM, Hu CK, Muller DA. Microsc Microanal. 2009; 15:244. [PubMed:
19460181]

Grandfield K, McNally EA, Palmquist A, Botton GA, Thomsen P, Engqvist H. J R Soc Interface.
2010; 7:1497. [PubMed: 20534599]

Li H, Xin HL, Muller DA, Estroff LA. Science. 2009; 326:1244. [PubMed: 19965470]
Palmer CM, Lowe J. Ultramicroscopy. 2014; 137:20. [PubMed: 24275523]

Thompson K, Lawrence D, Larson DJ, Olson JD, Kelly TF, Gorman B. Ultramicroscopy. 2007;
107:131. [PubMed: 16938398]

Watanabe M, Williams DB. J Microsc. 2006; 221:89. [PubMed: 16499549]

Dunin-Borkowski RE, McCartney MR, Frankel RB, Bazylinski DA, Pésfai M, Buseck PR.
Science. 1998; 282:1868. [PubMed: 9836632]

Hytch M, Houdellier F, Hile F, Snoeck E. Nature. 2008; 453:1086. [PubMed: 18563161]

Goris B, De Backer A, van Aert S, Gomez-Grafa S, Liz-Marzan LM, van Tendeloo G, Bals S.
Nano Lett. 2013; 13:4236. [PubMed: 23952010]

Egerton, R. Electron Energy-Loss Spectroscopy in the Electron Microscope. Plenum Press; New
York: 1996.

Fultz, B.; Howe, JM. Transmission Electron Microscopy and Diffractometry of Materials,
Graduate Texts in Physics. Springer Science & Business Media; New York: 2012. p. 216

Jarausch K, Thomas P, Leonard DN, Twesten R, Booth CR. Ultramicroscopy. 2009; 109:326.
[PubMed: 19246157]

Weyland M, Midgley PA. Microsc Microanal. 2003; 9:542. [PubMed: 14750989]

Goris B, Bals S, van den Broek W, Verbeeck J, van Tendeloo G. Ultramicroscopy. 2011;
111:1262. [PubMed: 21864766]

Goris B, Polavarapu L, Bals S, van Tendeloo G, Liz-Marzan LM. Nano Lett. 2014; 14:3220.
[PubMed: 24798989]

Genc A, Kovarik L, Gu M, Cheng H, Plachinda P, Pullan L, Freitag B, Wang C.
Ultramicroscopy. 2013; 131:24. [PubMed: 23676452]

Weller D, Doerner MF. Annu Rev Mater Sci. 2000; 30:611.

De Graef, M. Magnetic Imaging and Its Applications to Materials. De Graef, M.; Zhu, Y., editors.
Academic Press; San Diego, CA, USA: 2001. p. 330

De Graef, M. Magnetic Imaging and Its Applications to Materials, Experimental Methods in the
Physical Sciences. VVol. 36. Academic Press; San Diego, CA, USA: 2001. p. 27

Volkov VV, Zhu Y. Ultramicroscopy. 2004; 98:271. [PubMed: 15046808]
De Graef M, Zhu Y. J Appl Phys. 2001; 89:7177.

Pathak C, Petford-Long AK, De Graef M. Phys Rev Lett. 2010; 104:253901. [PubMed:
20867379]

Tonomura A. Int J Soc Mater Eng Resour. 1993; 1:27.
McCartney MR, Smith DJ. Annu Rev Mater Res. 2007; 37:729.

Adv Mater. Author manuscript; available in PMC 2016 October 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ercius et al.

135.

136.
137.

138.

139.
140.

141.
142.

143.

144.

145.
146.

147.

148.

149.
150.
151.
152.

153.

154.
155.
156.
157.

158.
159.
160.
161.
162.

163.
164.

165.
166.
167.
168.

Page 34

Lichte H, Formanek P, Lenk A, Linck M, Matzeck C, Lehmann M, Simon P. Annu Rev Mater
Res. 2007; 37:539.

Wolf D, Lubk A, Réder F, Lichte H. Curr Opin Solid State Mater Sci. 2013; 17:126.

Twitchett-Harrison AC, Yates TJV, Dunin-Borkowski RE, Midgley PA. Ultramicroscopy. 2008;
108:1401. [PubMed: 18703284]

Dunin-Borkowski RE, Kasama T, Wei A, Tripp SL, Hytch MJ, Snoeck E, Harrison RJ, Putnis A.
Microsc Res Tech. 2004; 64:390. [PubMed: 15549694]

Phatak C, Beleggia M, De Graef M. Ultramicroscopy. 2008; 108:503. [PubMed: 17804165]

Miiller H, Mafmann I, Uhlemann S, Hartel P, Zach J, Haider M. Nucl Instrum Methods Phys Res
Sect A. 2011, 645:20.

Lehmann M, Lichte H. Microsc Microanal. 2002; 8:447. [PubMed: 12533207]

Lichte H, Bérrnert F, Lenk A, Lubk A, Roder F, Sickmann J, Sturm S, Vogel K, Wolf D.
Ultramicroscopy. 2013; 134:126. [PubMed: 23831133]

Beck M, Lucic V, Forster F, Baumeister W, Medalia O. Nature. 2007; 449:611. [PubMed:
17851530]

Schur FK, Hagen WJ, Rumlova M, Ruml T, Muller B, Krausslich HG, Briggs JA. Nature. 2015;
517:505. [PubMed: 25363765]

Sui H, Downing KH. Nature. 2006; 442:475. [PubMed: 16738547]

Cardone G, Winkler DC, Trus BL, Cheng N, Heuser JE, Newcomb WW, Brown JC, Steven AC.
Virology. 2007; 361:426. [PubMed: 17188319]

Cope J, Gilbert S, Rayment I, Mastronarde D, Hoenger A. J Struct Biol. 2010; 170:257. [PubMed:
20025975]

Marsh BJ, Mastronarde DN, Buttle KF, Howell KE, Mcintosh JR. Proc Natl Acad Sci USA.
2001; 98:2399. [PubMed: 11226251]

Frank J. Q Rev Biophys. 2009; 42:139. [PubMed: 20025794]
Llorca O. Acta Pharmacol Sin. 2005; 26:1153. [PubMed: 16174429]
Leschziner AE, Nogales E. Annu Rev Biophys Biomol Struct. 2007; 36:43. [PubMed: 17201674]

Li X, Mooney P, Zheng S, Booth CR, Braunfeld MB, Gubbens S, Agard DA, Cheng Y. Nat
Methods. 2013; 10:584. [PubMed: 23644547]

Brilot AF, Chen JZ, Cheng A, Pan J, Harrison SC, Potter CS, Carragher B, Henderson R,
Grigorieff N. J Struct Biol. 2012; 177:630. [PubMed: 22366277]

Erickson HP, Klug A. Philos Trans R Soc Ser B. 1971; 261:105.
Erickson HP, Klug A. Ber Bunsen-Ges. 1970; 74:1129.
Farugi AR, Henderson R. Curr Opin Struct Biol. 2007; 17:549. [PubMed: 17913494]

Grob P, Bean D, Typke D, Li X, Nogales E, Glaeser RM. Ultramicroscopy. 2013; 133:1.
[PubMed: 23747527]

Frank J. Optik. 1973; 38:519.

Fernando KV. J Struct Biol. 2008; 164:49. [PubMed: 18662790]

Ren G, Zuo JM, Peng LM. Micron. 1997; 28:4509.

Brenner S, Horne RW. Biochim Biophys Acta. 1959; 34:103. [PubMed: 13804200]

Zhang L, Yan F, Zhang S, Lei D, Charles MA, Cavigiolio G, Oda M, Krauss RM, Weisgraber
KH, Rye K-A, Pownall HJ, Qiu X, Ren G. Nat Chem Biol. 2012; 8:342. [PubMed: 22344176]
Forte TM, Nordhausen RW. Methods Enzymol. 1986; 128:442. [PubMed: 2425222]

Colliex, C.; Cowley, JM.; Dudarev, SL.; Fink, M.; Gjonnes, J.; Hilderbrandt, R.; Howie, A.;
Lynch, DF.; Peng, LM.; Ren, G.; Ross, AW.; Smith, VH., Jr; Spence, JCH.; Steeds, JW.; Wang,
J.; Whelan, MJ.; Zvyagin, BB. International Tables For Crystallography. Prince, E., editor. Vol.
C. Kluwer Academic Publishers; Dordrecht, The Netherlands: 2006. p. 259

Peng LM, Ren G, Dudarev SL, Whelan MJ. Acta Crystallogr Sect A: Found Adv. 1996; 52:257.
Peng LM, Ren G, Dudarev SL, Whelan MJ. Acta Crystallogr Sect A: Found Adv. 1996; 52:456.
Sander B, Golas MM. Microsc Res Tech. 2011; 74:642. [PubMed: 21698716]

de Carlo S, Harris JR. Micron. 2011; 42:117. [PubMed: 20634082]

Adv Mater. Author manuscript; available in PMC 2016 October 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ercius et al.

169.
170.
171.

172.

173.

174.
175.

176.

177.
178.

179.

180.
181.
182.

183.

184.
185.

186.
187.
188.
189.

190.

191.

192.

193.

194.
195.
196.

197.

198.
199.
200.

201.

Page 35

Klug A, Finch JT. J Mol Biol. 1968; 31:1. [PubMed: 4295242]
Melchior V, Hollingshead CJ, Cahoon ME. J Cell Biol. 1980; 86:881. [PubMed: 6157697]

Crowther RA, Amos LA, Finch JT, De Rosier DJ, Klug A. Nature. 1970; 226:421. [PubMed:
4314822]

Catte A, Patterson JC, Jones MK, Jerome WG, Bashtovyy D, Su Z, Gu F, Chen J, Aliste MP,
Harvey SC, Li L, Weinstein G, Segrest JP. Biophys J. 2006; 90:4345. [PubMed: 16581834]

Forester GP, Tall AR, Bisgaier CL, Glickman RM. J Biol Chem. 1983; 258:5938. [PubMed:
6853560]
Pentikainen MO, Lehtonen EM, Kovanen PT. J Lipid Res. 1996; 37:2638. [PubMed: 9017515]

Gong EL, Nichols AV, Weisgraber KH, Forte TM, Shore VG, Blanche PJ. Biochim Biophys
Acta. 1989; 1006:317. [PubMed: 2597674]

Schneeweis LA, Koppaka V, Lund-Katz S, Phillips MC, Axelsen PH. Biochemistry. 2005;
44:12525. [PubMed: 16156664]

Garewal M, Zhang L, Ren G. Methods Mol Biol. 2013; 974:111. [PubMed: 23404274]

Zhang L, Song J, Cavigiolio G, Ishida BY, Zhang S, Kane JP, Weisgraber KH, Oda MN, Rye
KA, Pownall HJ, Ren G. J Lipid Res. 2011; 52:175. [PubMed: 20978167]

Jones MK, Zhang L, Catte A, Li L, Oda MN, Ren G, Segrest JP. J Biol Chem. 2010; 285:41161.
[PubMed: 20974855]

Ohi M, Li Y, Cheng Y, Walz T. Biol Proced Online. 2004; 6:23. [PubMed: 15103397]
Rames M, Yu Y, Ren G. J Visualized Exp. 2014; 90:¢51087.

Liu H, Jin L, Koh SB, Atanasov |, Schein S, Wu L, Zhou ZH. Science. 2010; 329:1038.
[PubMed: 20798312]

Baker ML, Hryc CF, Zhang Q, Wu W, Jakana J, Haase-Pettingell C, Afonine PV, Adams PD,
King JA, Jiang W, Chiu W. Proc Natl Acad Sci USA. 2013; 110:12301. [PubMed: 23840063]

Bai XC, Fernandez IS, McMullan G, Scheres SH. eLife. 2013; 2:e00461. [PubMed: 23427024]

Dubochet J, Adrian M, Chang JJ, Homo JC, Lepault J, McDowall AW, Schultz P. Q Rev
Biophys. 1988; 21:129. [PubMed: 3043536]

Taylor KA, Glaeser RM. J Ultrastruct Res. 1976; 55:448. [PubMed: 933264]
Jaffe JS, Glaeser RM. Ultramicroscopy. 1984; 13:373. [PubMed: 6495425]
Lepault J, Booy FP, Dubochet J. J Microsc. 1983; 129:89. [PubMed: 6186816]

Ren G, Cheng A, Reddy V, Melnyk P, Mitra AK. J Mol Biol. 2000; 301:369. [PubMed:
10926515]

Cheng A, van Hoek AN, Yeager M, Verkman AS, Mitra AK. Nature. 1997; 387:627. [PubMed:
9177354]

Ren G, Reddy VS, Cheng A, Melnyk P, Mitra AK. Proc Natl Acad Sci USA. 2001; 98:1398.
[PubMed: 11171962]

Electron Microscopy for Dummies. http://www.snaggledworks.com/em_for_dummies/; accessed:
May 2015

Homepage of Greg Pintilie at MIT. http://people.csail.mit.edu/gdp/cryoem.html, accessed: May
2015

Studer D, Graber W, Al-Amoudi A, Eggli P. J Microsc. 2001; 203:285. [PubMed: 11555146]
Salje J, Zuber B, Lowe J. Science. 2009; 323:509. [PubMed: 19095899]

Medalia O, Weber I, Frangakis AS, Nicastro D, Gerisch G, Baumeister W. Science. 2002;
298:1209. [PubMed: 12424373]

Fridman K, Mader A, Zwerger M, Elia N, Medalia O. Nat Rev Mol Cell Biol. 2012; 13:736.
[PubMed: 23047735]

Adrian M, Dubochet J, Fuller SD, Harris JR. Micron. 1998; 29:145. [PubMed: 9684350]
El-Bez C, Adrian M, Dubochet J, Cover TL. J Struct Biol. 2005; 151:215. [PubMed: 16125415]

Messaoudi C, Boudier T, Lechaire JP, Rigaud JL, Delacroix H, Gaill F, Marco S. Biol Cell. 2003;
95:393. [PubMed: 14519556]

Mastronarde DN. J Struct Biol. 2005; 152:36. [PubMed: 16182563]

Adv Mater. Author manuscript; available in PMC 2016 October 14.


http://www.snaggledworks.com/em_for_dummies/
http://people.csail.mit.edu/gdp/cryoem.html

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ercius et al.

202.
203.
204.
205.

206.

207.

208.

209.

210.

211

212.

213.
214.

215.
216.

217.

218.
219.

220.

221.
222.
223.

224.
225.
226.
227.

228.

229.

230.

231.

232.

233.

Page 36

Koster AJ, Chen H, Sedat JW, Agard DA. Ultramicroscopy. 1992; 46:207. [PubMed: 1481272]
Zheng SQ, Sedat JW, Agard DA. Methods Enzymol. 2010; 481:283. [PubMed: 20887862]
Tocheva El, Li Z, Jensen GJ. Cold Spring Harbor Perspect Biol. 2010; 2:a003442.

Zheng QS, Braunfeld MB, Sedat JW, Agard DA. J Struct Biol. 2004; 147:91. [PubMed:
15193638]

Zheng SQ, Keszthelyi B, Branlund E, Lyle JM, Braunfeld MB, Sedat JW, Agard DA. J Struct
Biol. 2007; 157:138. [PubMed: 16904341]

Zheng SQ, Matsuda A, Braunfeld MB, Sedat JW, Agard DA. J Struct Biol. 2009; 168:323.
[PubMed: 19545637]

Zheng SQ, Kollman JM, Braunfeld MB, Sedat JW, Agard DA. J Struct Biol. 2007; 157:148.
[PubMed: 17169745]

Yoshioka C, Pulokas J, Fellmann D, Potter CS, Milligan RA, Carragher B. J Struct Biol. 2007;
159:335. [PubMed: 17524663]

Suloway C, Shi J, Cheng A, Pulokas J, Carragher B, Potter CS, Zheng SQ, Agard DA, Jensen GJ.
J Struct Biol. 2009; 167:11. [PubMed: 19361558]

Schoenmakers RHM, Perquin RA, Fliervoet TF, Voorhout W, Schirmacher H. Microsc Anal.
2005; 19:5.

Nickell S, Forster F, Linaroudis A, Net WD, Beck F, Hegerl R, Baumeister W, Plitzko JM. J
Struct Biol. 2005; 149:227. [PubMed: 15721576]

Glaeser RM. J Microsc. 1979; 117:77. [PubMed: 490637]

Conway JF, Trus BL, Booy FP, Newcomb WW, Brown JC, Steven AC. J Struct Biol. 1993;
111:222. [PubMed: 8003383]

Glaeser RM. J Ultrastruct Res. 1971; 36:466. [PubMed: 5107051]

Chen JZ, Sachse C, Xu C, Mielke T, Spahn CMT, Grigorieff N. J Struct Biol. 2008; 161:92.
[PubMed: 17977018]

Baker LA, Smith EA, Bueler SA, Rubinstein JL. J Struct Biol. 2010; 169:431. [PubMed:
19958834]

Bammes BE, Jakana J, Schmid MF, Chiu W. J Struct Biol. 2010; 169:331. [PubMed: 19903530]

Liu H, Jin L, Koh SBS, Atanasov |, Schein S, Wu L, Zhou ZH. Science. 2010; 329:1038.
[PubMed: 20798312]

Back, MH.; Laidlor, KJ. Selected Readings in Chemical Kinetics. Pergamon Press Ltd; Oxford,
UK: 1967.

Henderson R. Proc R Soc London, Ser B. 1990; 241:6.
Baker LA, Rubinstein JL. Methods Enzymol. 2010; 481:371. [PubMed: 20887865]

Meents, A. FXE workshop. Budapest, Hungary: 2010. available from http://www.xfel.eu/sites/
site_xfel-gmbh/content/e63594/e63599/e81232/e63608/e70514/Meents_eng.pdf; accessed: May
2015

Russo CJ, Passmore LA. Science. 2014; 346:1377. [PubMed: 25504723]
Baumeister W, Grimm R, Walz J. Trends Cell Biol. 1999; 9:81. [PubMed: 10087625]
Farugi AR, Subramaniam S. Q Rev Biophys. 2000; 33:1. [PubMed: 11075387]

Battaglia M, Contarato D, Denes P, Doering D, Duden T, Krieger B, Giubilato P, Gnani D,
Radmilovic V. Nucl Instrum Methods Phys Res, Sect A. 2010; 622:669.

Kuo PC, Chen IH, Chen CT, Lee KP, Chen CW, Lin CC, Chiu SW, Hsieh YF, Wang YL, Shiue
J. ACS Nano. 2013; 7:465. [PubMed: 23268656]

Danev R, Nagayama K. Ultramicroscopy. 2001; 88:243. [PubMed: 11545320]

Dai W, Fu C, Raytcheva D, Flanagan J, Khant HA, Liu X, Rochat RH, Haase-Pettingell C, Piret
J, Ludtke SJ, Nagayama K, Schmid MF, King JA, Chiu W. Nature. 2013; 502:707. [PubMed:
24107993]

Frank, J. Electron Tomography. Springer; New York: 2006.

Frank J, Radermacher M, Penczek P, Zhu J, Li Y, Ladjadj M, Leith A. J Struct Biol. 1996;
116:190. [PubMed: 8742743]

Ludtke SJ, Baldwin PR, Chiu W. J Struct Biol. 1999; 128:82. [PubMed: 10600563]

Adv Mater. Author manuscript; available in PMC 2016 October 14.


http://www.xfel.eu/sites/site_xfel-gmbh/content/e63594/e63599/e81232/e63608/e70514/Meents_eng.pdf
http://www.xfel.eu/sites/site_xfel-gmbh/content/e63594/e63599/e81232/e63608/e70514/Meents_eng.pdf

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ercius et al.

234
235

236.

237.

238.
239.
240.

241.
242.

243.

244,
245.
246.
247.

248.

249.
250.
251.

252.

253.
254.
255.

256.
257.
258.
259.
260.
261.

262.
263.

264.

265.

266.

267.

Page 37

. Kremer JR, Mastronarde DN, Mclintosh JR. J Struct Biol. 1996; 116:71. [PubMed: 8742726]

. van Heel M, Harauz G, Orlova EV, Schmidt R, Schatz M. J Struct Biol. 1996; 116:17. [PubMed:
8742718]

Harlow ML, Ress D, Stoschek A, Marshall RM, McMahan UJ. Nature. 2001; 409:479. [PubMed:
11206537]

Ress DB, Harlow ML, Marshall RM, McMahan UJ. Structure. 2004; 12:1763. [PubMed:
15458626]

Herman GT, Lent A, Rowland SW. J Theor Biol. 1973; 42:1. [PubMed: 4760662]
Milne JL, Subramaniam S. Nat Rev Microbiol. 2009; 7:666. [PubMed: 19668224]

Frey TG, Perkins GA, Ellisman MH. Annu Rev Biophys Biomol Struct. 2006; 35:199. [PubMed:
16689634]

Hu B, Margolin W, Molineux 1J, Liu J. Science. 2013; 339:576. [PubMed: 23306440]

Liu J, Bartesaghi A, Borgnia MJ, Sapiro G, Subramaniam S. Nature. 2008; 455:109. [PubMed:
18668044]

Kuybeda O, Frank Ga, Bartesaghi A, Borgnia M, Subramaniam S, Sapiro G. J Struct Biol. 2013;
181:116. [PubMed: 23110852]

Winkler H. J Struct Biol. 2007; 157:126. [PubMed: 16973379]
Mastronarde DN. J Microsc. 2008; 230:212. [PubMed: 18445149]
Sandberg K, Mastronarde DN, Beylkin G. J Struct Biol. 2003; 144:61. [PubMed: 14643209]

Fung JC, Liu W, de Ruijter WJ, Chen H, Abbey CK, Sedat JW, Agard DA. J Struct Biol. 1996;
116:181. [PubMed: 8742742]

Chen H, Hughes DD, Chan TA, Sedat JW, Agard DA. J Struct Biol. 1996; 116:56. [PubMed:
8742723]

Mastronarde DN. J Struct Biol. 1997; 120:343. [PubMed: 9441937]
Rosenthal PB, Henderson R. J Mol Biol. 2003; 333:721. [PubMed: 14568533]

Zhang X, Zhang L, Tong H, Peng B, Rames MJ, Zhang S, Ren G. Sci Rep. 2015;
5:09803.10.1038/srep09803

Bartesaghi A, Lecumberry F, Sapiro G, Subramaniam S. Structure. 2012; 20:2003. [PubMed:
23217682]

Grigorieff N. Acta Crystallogr, Sect D: Biol Crystallogr. 2000; 56:1270. [PubMed: 10998623]
Penczek PA. J Struct Biol. 2002; 138:34. [PubMed: 12160699]

Beckmann R, Bubeck D, Grassucci R, Penczek P, VVerschoor A, Blobel G, Frank J. Science.
1997; 278:2123. [PubMed: 9405348]

Bottcher B, Wynne SA, Crowther RA. Nature. 1997; 386:88. [PubMed: 9052786]

Ludtke SJ, Chen DH, Song JL, Chuang DT, Chiu W. Structure (London, UK). 2004; 12:1129.
Saxton WO, Baumeister W. J Microsc. 1982; 127:127. [PubMed: 7120365]

van Heel M, Schatz M. J Struct Biol. 2005; 151:250. [PubMed: 16125414]

Scheres SH, Chen S. Nat Methods. 2012; 9:853. [PubMed: 22842542]

Voortman LM, Stallinga S, Schoenmakers RHM, van Vliet LJ, Rieger B. Ultramicroscopy. 2011;
111:1029. [PubMed: 21740865]

Fernandez JJ, Li S, Crowther RA. Ultramicroscopy. 2006; 106:587. [PubMed: 16616422]

Xiong Q, Morphew MK, Schwartz CL, Hoenger AH, Mastronarde DN. J Struct Biol. 2009;
168:378. [PubMed: 19732834]

Trabuco LG, Villa E, Mitra K, Frank J, Schulten K. Structure. 2008; 16:673. [PubMed:
18462672]

Trabuco LG, Villa E, Schreiner E, Harrison CB, Schulten K. Methods (San Diego, CA, USA).
2009; 49:174.

Chan K-Y, Gumbart J, McGreevy R, Watermeyer JM, Sewell BT, Schulten K. Structure (London,
UK). 2011; 19:1211.

Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E, Chipot C, Skeel RD, Kale L,
Schulten K. J Comput Chem. 2005; 26:1781. [PubMed: 16222654]

Adv Mater. Author manuscript; available in PMC 2016 October 14.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ercius et al.

Page 38

268. Lawson CL, Baker ML, Best C, Bi C, Dougherty M, Feng P, van Ginkel G, Devkota B,
Lagerstedt I, Ludtke SJ, Newman RH, Oldfield TJ, Rees I, Sahni G, Sala R, Velankar S, Warren
J, Westbrook JD, Henrick K, Kleywegt GJ, Berman HM, Chiu W. Nucleic Acids Res. 2011;
39:D456. [PubMed: 20935055]

269. The Electron Microscopy Data Bank (EMDB). http://www.ebi.ac.uk/pdbe/emdb/; accessed: May
2015

Adv Mater. Author manuscript; available in PMC 2016 October 14.


http://www.ebi.ac.uk/pdbe/emdb/

1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ercius et al.

-5
10

Figure 1.

a)

electron microscope

Page 39

aberration-
corrected EM

TEAM

~Haider et.al
(200 kV)

Stuttgart
(1.2 MV)
Dietrich.
(200 kV)

Zach, Haider
(1kV, SEM)

Borries and Ruska,
Marton, Ardenne
(100 kV)

Ruska (75kV)

1800

T 1 LT I T LA
19800 1950 2000 2050
—= year

A schematic diagram of the historical resolution of visible light microscopes and
transmission electron microscopes. a) The left panel shows a time line for the improvement
of the resolution of microscopes versus the year of development. Reproduced with
permission.[8] Copyright 2009, Oxford University Press. b—d) Three different types of TEM
electron sources: a W filament, a LaBg filament, and an FEG. b) Reproduced with
permission.[”] Copyright 1991, Springer; c,d) Reproduced with permission.[8] Copyright

2009, Springer.
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Figure 2.
A diagram of the mathematical concept of the projection theorem in 2D (directly extendible

to 3D). A projection of a 2D object in real space is reduced to a 1D measurement of the
projected density. The Fourier transform of the 1D projection is equivalent to a central
section at the original projection direction through the object’s full Fourier transform.
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Figure 3.
The theoretical sampling (dotted lines) of reciprocal space by a tomographic tilt series from

+70° with equal angular increments. The blue triangles indicate the missing wedge of
information between 70° and 90°, which impacts resolution along the original projection
direction. Notice the oversampling of information at low spatial frequencies near the zero
frequency, which is compensated for in the WBP reconstruction method.
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Figure4.
a) The mismatch between information sampled by a 17-image tilt series with equal angular

increments (red dots) and a square Cartesian grid. The interpolation method used to combine
this data can strongly influence the final reconstruction. Radon back-projection is used to
avoid interpolation in space interpolation. b) A simplified example of Radon back-projection
for a set of 3 low-tilt projections producing 5 possible object locations (black dots). ¢) The
addition of a high-tilt projection uniquely defines the existence and location of only 3
objects.
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Figureb5.
A comparison of the CTF for STEM (red) and TEM (blue). The phase portion of the CTF

for TEM is plotted at Scherzer defocus (maximum resolution). STEM shows a
monotonically decreasing function for increasing spatial frequency. TEM has low
information transfer at low frequencies (<0.1 A=1). However, TEM provides relatively high
transfer compared to STEM near the maximum linear resolution at the first zero crossing of
the TEM CTF (ca. 0.32 A~1). The oscillatory nature of the TEM transfer function above the
first zero crossing complicates analysis of TEM images at high resolution especially for
crystalline materials. Importantly, TEM provides relatively high SNR for a given dose
compared to STEM, which are not considered in this comparison.
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Figure®6.
A comparison between the lateral and depth resolution of focused STEM beams for: a) an

uncorrected 200 kV FEI Tecnai STEM and b) an aberration-corrected 300 kV FEI Titan.
The intensity scale shows low intensity for blue and high intensity for red. The drastically
reduced probe dimensions (both lateral and depth) of aberration-corrected STEM have
important implications for electron tomography because the entire object may not be in
focus.
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Figure7.

An example of the limited 3D-reconstruction resolution achieved using only defocus in
aberration-corrected HAADF-STEM. The image is a cross-section through a set of images at
different defocus values of ca. 5 nm diameter gold nanoparticles on a carbon substrate using
an aberration-corrected STEM at 300 kV with a 30 mrad semiconvergence angle. The depth
of focus is estimated to be ca. 6 nm. The lateral extent of the nanoparticles (horizontal axis)
is well defined and the thickness (vertical axis) is highly elongated due to signal from the

focused and unfocused parts of electron beam.
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Figure8.
Unlike normal tilting ET, data acquisition for equally sloped tomography (EST) uses

specific tilt-angles that directly map into reciprocal space on a grid of concentric squares
without interpolation. The pPFFT1 accurately calculates the density map in real space on a
rectangular grid. For clarity, the diagram shows a small set of 4 tilt angles with 22.5°
between tilt images. Notice the colored vertical lines in reciprocal space, which mark equal
slope increments between projections. Since projections acquired using EST perfectly map
to reciprocal space, iterative calculations that transform the data between real and reciprocal
space (used to improve the reconstruction resolution) are exact and produce no artifacts.
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Figure9.
Concepts of Fresnel contrast in Lorentz (field-free) microscopy. The diagram on the left

shows the paths of electrons passing through grains of a magnetic material with opposing in-
plane magnetization. The paths bend according to the direction of the magnetic field
yielding bright and dark contrast at domain walls. The image intensities in a series of
defocused images at a) under-focus, b) over-focus and c) in-focus can be used to estimate d)
the electron wave phase shifts due to the magnetic field of the sample. These relative phase
shifts can be related to the magnetic properties of the object. Adapted with permission.[130]
Copyright 2014, Elsevier.
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Figure 10.
A schematic diagram of optimized negative-staining (OpNS) procedures. a) Incubation

station designed to hold a glow-discharged TEM grid pre-coated with a thin carbon film,
which incubates a 3 L sample solution above an ice bath. b) Staining workstation designed
to hold water droplets and stain droplets above an ice bed while minimizing stain exposure
to light. ¢) Overview of the staining procedure. The TEM grid with sample was prepared via
3x water washing, 3x UF stain exposure and followed by backside blotting with a filter. The
grid was then dried immediately by nitrogen gas. Reproduced with permission.[181]
Copyright 2014, The Authors, published by Journal of Vizualized Experiments (JOVE).
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Figure11.
TEM images of proteins with known structure using OpNS. a) Survey view of a small and

asymmetric protein, 53 kDa CETP (dashed circles) by OpNS. b) 30 representative images of
CETP particles. c) Two representative images of CETP particles with particle orientation
identified by their tapered tip end (N-terminal f-barrel domain) and globular tip end (C-
terminal f-barrel domain), d) which is consistent with the CETP structure, obtained from X-
ray crystallography (PDB: 20BD), in size and shape. e) The high-contrast images were used
to reconstruct a 3D volume at 1.4 nm resolution. f) Survey view of another protein with
known structure, GroEL, and g) 9 representative particles images prepared by OpNS. h)
Survey view of a third protein with known structure, proteasome, and i) 9 representative
particle images prepared by OpNS. Scale bars: a) 50 nm; e) 3 nm; f) and h) 50 nm. a—e)
Reproduced with permission.[162] Copyright 2012, rights managed by Nature Publishing
Group; f-i) Reproduced with permission.[181] Copyright 2014, The Authors, published by
Journal of Vizualized Experiments (JOVE).
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Figure 12.
A schematic diagram of cryo-EM sample-preparation procedures. a) A 3—4 pL sample

solution is deposited onto the holey carbon coated TEM grid, which was previously glow-
discharged. b) The grid is then incubated for approximately one minute. c—e) Excess
solution is removed by blotting with filter paper (c), and then quickly plunged into liquid
ethane [(d,e) Reproduced with permission.[192] Copyright 1999, Hanspeter Niederstrasser/
Snaggled Works]. f) The frozen grid, with vitrified ice covering the carbon film holes, is
then transferred to liquid nitrogen for storage. g) The grid is imaged under liquid nitrogen
temperature of —170 °C to —180 °C. h) An electron beam passing through the vitrified ice
projects the 3D sample into a 2D image, which is recorded by CCD. h) Reproduced with
permission.[193] Copyright 2010, Greg Pintilie.
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Figure 13.
Images of a small and asymmetric protein CETP (53 kDa) imaged using cryo-positive

staining (cryo-PS) showing high-resolution details. a) Five representative images of CETP
particles prepared by cryo-positive staining (with reversed contrast and a circular-shaped
soft mask). b) By applying particle-shaped soft masks on each particle image, the masked
images are compared with (c) the structure of CETP (obtained by X-ray crystallography and
shown in ribbon structure) at similar viewing angles. Similar structural features are marked
by arrows. Reproduced with permission.[62] Copyright 2012, rights managed by Nature
Publishing Group.
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Figure 14.
Phase-plate TEM imaging of a cyanophage virus assembling inside marine cyanobacteria. a)

Sectional overview of a late-stage infected Syn5 including labeled cellular components and
phages: carboxysomes (C), infecting phages (1), ribosomes (R) and thylakoid membranes
(T). b—e) Higher-magnification views of sections and their corresponding 3D reconstructions
of cellular components of thylakoid membrane (green) (b); carboxysome (blue) (c);
ribosome (purple) (d); A Syn5 cyanophage (red) (e) on the cell’s surface during infection.
Yellow: cell envelope; magenta: phage progeny. Scale bars: 50 nm (b,c); 60 nm (d,e).
Reproduced with permission.[230] Copyright 2013, Nature Publishing Group.
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Figure15.
3D reconstruction of bacteriophage T7 virion infection of Escherichia coli minicells by

cryo-electron tomography. a—c) Three selected sections of large-volume 3D reconstructions
of T7 infection of E. coli. d—f) Higher-magnification views of the sections of the
subvolumes. g,h) A central slice and 3D surface view of a selected sub-volume average from
3352 virions. i,j) A central slice and 3D surface view of another selected sub-volume
average from 1886 virions. Reproduced with permission.[241] Copyright 2013, American
Association for the Advancement of Science (AAAS).
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Figure 16.
IPET 3D reconstructions of two IgG antibody particles by negative-staining ET and two

HDL particles by cryo-EM. a) Nine representative images from a tilt series of a single-
instance 1gG antibody by negative-staining (NS) ET displayed in the left-most column. The
IPET method obtains the 3D model of an individual protein via an iterative refinement
processes. b) The iso-surface of the final 3D reconstruction of an individual antibody
particle. ¢) Flexible docking of the structure obtained by X-ray crystallography (PDB entry
1IGT) into each domain of 1gG shows a good fit. d—f) Another example of an individual 1gG
antibody particle. g—i) A 17 nm nascent HDL particle embedded in ice, imaged by cryo-EM
tomography and reconstructed by the IPET method. The high-density portion corresponds to
the protein component, primarily consisting of apolipoprotein A-I (apoA-I), forms a
discoidal shape (a ring shape). j-I) Another example of a 17 nm nascent HDL particle by
cryo-EM tomography. The 3D reconstruction showed the similar structural feature to the
first HDL particle. Our cryoET reconstructions are consistent with other cryoEM
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observations. a-1) Reproduced with permission.[38] Copyright 2012, The Authors, Published
by PLoS ONE.
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Figure 17.
The details of the total number of 3D density maps deposited in the EM data bank (EMDB).

a) Cumulative number of 3D maps released per year. The rate of deposition of density maps
has increased significantly in recent years. b) Distribution of available density maps (2802 in
total) as a function of technique used: single particle reconstruction (more than ca. 78%) and
ET methods (ca. 20%); including subvolume averaging (ca. 10%), helical structures (ca.
7%), general ET (ca. 3%). Electron crystallography adds ca. 1% to the EMDB. Plots and pie
chart were produced from data published by the EMDB.[269]
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