
Review
Present and Emerging Methodologies in Cryo-EM
Single-Particle Analysis
Mengyu Wu1 and Gabriel C. Lander1,*
1Department of Integrative Structural and Computational Biology, The Scripps Research Institute, La Jolla, California
ABSTRACT Over the past decade, technical and methodological improvements in cryogenic electron microscopy (cryo-EM)
single-particle analysis have enabled routine high-resolution structural analyses of biological macromolecules, resulting in a
flood of new molecular insights into protracted biological questions. However, despite the tremendous progress and success
of the field in recent years, opportunities for improvement remain in various aspects of the cryo-EM single-particle analysis work-
flow (e.g., sample preparation, image acquisition and processing, and structure validation). Here, we review recent advances
that have contributed to the principal methods in cryo-EM and identify persisting challenges and bottlenecks that will require
further methodological and hardware development.

INTRODUCTION
The transformative impact of cryogenic electron micro-
scopy (cryo-EM) single-particle analysis (SPA) on the struc-
tural biology field has garnered considerable attention from
the scientific community. The power of cryo-EM SPA lies in
the preservation of macromolecules in frozen-hydrated
states through rapid vitrification, which enables the visuali-
zation of unrestrained biological targets. These complexes
are often observed in multiple conformations, providing
insights to their dynamics and mechanisms of function.
For this reason, cryo-EM SPA methodologies can be used
to study a broad range of macromolecular assemblies that
are typically too flexible or heterogeneous to be crystallized
(1–4). Many of the earlier limitations of cryo-EM (e.g.,
resolution, specimen size range, and low data throughput)
have been diminished by technical and methodological
advances established over the past decade, such as direct
electron detectors (DEDs), modern transmission electron
microscopes (TEMs) with stable optics, improved auto-
mated data collection software, and more sophisticated
image processing algorithms. As a result, the annual number
of cryo-EM SPA structures deposited to the Electron Micro-
scopy Data Bank (EMDB) has been exponentially rising in
conjunction with improvements to the median resolution,
indicating that both the quantity and quality of new struc-
tures is increasing (Fig. 1). Indeed, cryo-EM SPA structures
in the resolution range of 3 Å and better have now become
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near-routine, allowing for de novo model building of many
macromolecules that have previously evaded structural
study. Cryo-EM SPA has proven especially valuable for ob-
taining new insights to membrane proteins (5–9) and is also
quickly establishing utility in studying small complexes
(10–12). The breadth of this technique reflects the contin-
uous co-evolution of TEM design and optics, specimen
preparation, image acquisition and processing, and structure
validation within the cryo-EM workflow. These develop-
ments, in addition to other recent breakthroughs, will be dis-
cussed in the following sections along with remaining
challenges and promising new methodologies to look for-
ward to on the horizon.

Sample preparation for cryo-EM

Cryo-EM analysis utilizes significantly lower quantities of
sample than is typically required for x-ray crystallography
or NMR studies, and specimens can be preserved through
vitrification immediately after purification. Thus, cryo-EM
analysis is particularly advantageous for proteins that are
low yield and/or not stable over extended periods. However,
the success of most cryo-EM SPA experiments begins (and,
more importantly, ends) with the quality of the purified bio-
logical specimen. Ideally, samples for cryo-EM SPA should
be biochemically stable in solution up to the point of vitri-
fication, with minimal conformational and/or compositional
heterogeneity. Confirming sample purity through size exclu-
sion chromatography and sodium-dodecyl-sulfate-poly-
acrylamide-gel analysis is required, but not necessarily
sufficient, for structural studies. Negative staining TEM
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FIGURE 1 Resolution and map deposition trends in single-particle cryo-

EM. Shown are the annual (blue dotted curve) and cumulative (orange curve)

map depositions into the Electron Microscopy Data Bank (EMDB). The me-

dian resolution of deposited maps per year is also shown (gray curve); future

cryo-EM methodological and hardware developments, such as those dis-

cussed in this review, will likely improve the median resolution to 4 Å or bet-

ter over the next decade. To see this figure in color, go online.
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can also be useful for visually assessing sample quality and
homogeneity (though results from negative stain analysis do
not necessarily translate to outcomes under cryogenic con-
ditions (13)). Although satisfying purification requirements
may entail extensive optimization (common strategies have
been summarized elsewhere (13,14)), doing so is ultimately
more time and cost effective than relying on brute force
in silico methods to ‘‘purify’’ the target from contaminants
through extensive classification or to identify subsets of
useable data that will contribute to a meaningful reconstruc-
tion from a sample of subpar quality.

Once a sufficiently optimized sample has been obtained,
it is rapidly cryogenically cooled in a thin layer of vitrified
ice to yield a frozen-hydrated specimen (15), which enables
the specimen to withstand the high vacuum of the TEM inte-
rior and mitigates the damaging effects of the high-energy
electrons used for imaging. The standard sample vitrifica-
tion process involves applying a small volume of purified
sample onto an EM grid that has been covered with a holey
film support that is made hydrophilic (usually by glow dis-
charging or plasma cleaning). The sample on the grid is then
blotted with filter paper, either manually or using a robotic
instrument such as the Vitrobot (Thermo Fisher Scientific,
Waltham, MA), Cryoplunge 3 (Gatan, Pleasanton, CA), or
EM GP2 (Leica Microsystems, Wetzlar, Germany), to re-
move the majority of the sample, and then immediately
plunged into a reservoir of liquid ethane or a liquid-
ethane-propane mixture (16). The higher heat conductivity
of liquid ethane and ethane-propane over liquid nitrogen en-
ables the formation of vitreous (amorphous or glass-like) ice
instead of crystalline ice, the latter of which can damage the
biological specimen and reduce the image quality through
electron diffraction.
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Sample vitrification is a variable process because there
are many factors at play that can have varying levels of
impact on the quality and reproducibility of the vitrified
specimen (e.g., sample stability, temperature, humidity,
blotting time and force, grid substrate, and buffer compo-
nents). Ultimately, the objective is to produce grids contain-
ing macromolecules that are distributed in random
orientations and embedded in the thinnest possible layer
of vitrified ice—ideally, ice that is only slightly thicker
than the longest dimension of the targeted molecule
(17,18). Because the atoms comprising biological speci-
mens scatter electrons only slightly more than those in the
surrounding buffer, ice thickness is inextricably tied to im-
age contrast and signal-to-noise ratio (SNR), which in turn
limits the available high-resolution information. Maxi-
mizing the image SNR is particularly critical for cryo-EM
SPA studies of small complexes (19,20), which have fewer
scattering atoms that contribute to signal.

Achieving the ideal specimen grid is a nontrivial
endeavor. Many oft-encountered challenges to specimen
preparation are sample dependent, such as the proclivity
of the macromolecule to distribute within the grid holes or
dissociation of complexes. One major make-or-break factor
is the unavoidable adsorption of the specimen to the hydro-
phobic air-water-interface (AWI) as a result of the multiple
sample-AWI collisions that occur on a timescale shorter
than that of the plunge-freezing process (21–23). Depending
on the surface chemistry of the biological specimen, the re-
sulting hydrophobic interactions at the AWI may promote
partial to complete sample denaturation and/or the adoption
of a single, preferential orientation relative to the AWI
(21–24). Although the latter issue may be overcome during
data acquisition by employing a tilted collection strategy
(25,26), a means to completely abolish sample adsorption
to the AWI has yet to be developed. However, given the
ubiquitously disastrous effects of the AWI on macromole-
cules, solutions are being eagerly pursued and will likely
usher significant improvements to sample preparation.
Several grid preparation strategies that mitigate the delete-
rious effects of the AWI have emerged in recent years,
including the use of surfactants to block AWI interactions
(27), as well as affinity grids (28) or monolayer supports
(e.g., graphene and graphene oxide (29–33)) to sequester
samples away from the AWI with additional benefits of
increasing particle density and producing uniformly thin vit-
reous ice. Graphene monolayer supports have recently been
used for high-resolution structure determination of the 52-
kDa streptavidin complex (Fig. 2; (34)), demonstrating the
utility of graphene for imaging small biological targets
that normally adopt a preferred orientation at the AWI.
Another promising solution lies in next-generation auto-
mated sample vitrification robots, such as Spotiton (35)
(commercially Chameleon; TTP Labtech, Melbourn, UK),
VitroJet (36) (CryoSol-World, Maastricht, the Netherlands),
CryoWriter (37) (Nuonex, Basel, Switzerland), the time-
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resolved cryo-EM device (TED) (38), and Shake-it-off (39),
which dispense small volumes of sample onto commercial
or self-wicking (35,39) grids in a controlled process that
can be monitored in real time to provide visual feedback
on the quality of the vitrified specimen. These vitrification
systems may overcome pitfalls from AWI interactions by
shortening the sample dispense-to-plunge time (40).
Furthermore, multiple inkjet sprayers can be used to mix
samples directly onto the grid to enable time-resolved
studies of complex assembly and/or short-lived ligand-
induced conformational states, as was recently demon-
strated for several biological systems (41). Additionally,
such devices could be used to deposit more than one type
of sample onto discrete areas of the same grid to increase
throughput during specimen preparation and imaging over
traditional blotting methods (35,42,43).
EMD-9045
26S Proteasome

FIGURE 2 Cryo-EM structures of biological macromolecules enabled

by technical and methodological advances in SPA. Top: shown is mouse

apoferritin determined to �1.2-Å resolution using a TEM equipped with

a cold FEG and next-generation energy filter and direct detector. Middle:

shown is the �2.6-Å resolution reconstruction of the 52-kDa streptavidin

imaged over graphene monolayer support grids. Bottom: shown is the

�4.2-Å resolution reconstruction of the substrate-engaged yeast 26S pro-

teasome in the "4D" motor state. Focused classification and refinement stra-

tegies (colored by focusing area) were used to identify the distinct motor

conformations and to generate composite reconstructions to facilitate

model building for each state. The inset on the right shows density features

of the substrate polypeptide encircled by a spiral-staircase arrangement of

pore loop tyrosine residues within the central pore of the AAAþ motor.

The EMDB accession code and full map (left) and density features with

the corresponding atomic model docked in (right) are shown for each struc-

ture. To see this figure in color, go online.
TEMs and the costs versus benefits of keV

Modern TEMs have incorporated vast technological up-
grades since the prototype was first developed in 1931 by
Max Knoll and Ernst Ruska and now include improved
vacuum systems, more stable specimen stages and auto-
mated grid loaders (autoloaders), constant-power optical
lens systems, and—most importantly—more brilliant and
coherent electrons from field emission guns (FEGs). How-
ever, the basic components and principles responsible for
image formation in a TEM have remained unchanged.
Within a TEM, electrons are emitted from an emission
source under high vacuum and subsequently accelerated
down the microscope column through a high potential dif-
ference. The theoretically achievable resolution of a TEM
is limited by the wavelength of the accelerated electron. It
therefore follows that TEMs operating at higher acceler-
ating voltages are preferred for maximizing the achievable
resolution (44). Indeed, three-condenser lens TEMs oper-
ating at 300 kV, such as the Thermo Fisher Scientific Titan
Krios, and paired with a DED are considered the ‘‘industry
standard’’ across the field for high-resolution cryo-EM
because of the smaller inelastic scattering cross section,
smaller defocus spread, minimized effects of specimen
charging, better detector performance, and a flatter Ewald
sphere associated with shorter electron wavelengths (44).
The vast majority of cryo-EM SPA structures determined
to date have been obtained using 300-kV TEMs. Further-
more, recent studies using prototype TEM hardware opti-
mized to minimize the energy spread of the electron beam
(e.g., using a cold FEG energy source and/or monochro-
mator and energy filter) to greatly preserve information at
high spatial frequencies have successfully generated cryo-
EM densities that enable, for the first time using SPA ap-
proaches, visualization of atomic resolution features
(Fig. 2; (45,46)). These exciting results demonstrate the po-
tential of next-generation instruments for further extending
resolution boundaries in the field.
Biophysical Journal 119, 1281–1289, October 6, 2020 1283
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However, the imaging benefits afforded by these instru-
ments come with a high cost of purchase and maintenance
that may be prohibitive to many institutions. In light of
this, several groups have recently also demonstrated the util-
ity of comparatively less expensive two-condenser lens
TEMs operating at 200 kV, such as the Talos Arctica (47)
and Glacios (48) (Thermo Fisher Scientific), for high-reso-
lution structure determination. There are a few theoretical
benefits that make imaging with lower-energy electrons
worthwhile. Image contrast is higher at lower energies due
to a greater elastic scattering cross-section and slightly
larger contrast transfer function values at low spatial fre-
quencies (22). Moreover, Peet et al. (49) showed that the
‘‘information coefficient’’ (the ratio between the elastic
and inelastic scattering cross-sections) is greater at 200
keV than at 300 keV, therefore affording more information
per unit of radiation damage. Interestingly, their study sug-
gested that for the ‘‘average’’ cryo-EM SPA specimen
(�300 Å thick), the optimal electron energy is actually
100 keV. A preliminary demonstration of subnanometer-res-
olution reconstructions obtained at 100 keV has established
a compelling rationale for the development of cheaper and
more accessible lower kV TEMs for sample screening and
routine imaging (50). Currently, the most pressing barriers
to realizing this goal are the lack of a compatible detector
due to the increased amount of backscattering at lower elec-
tron energies, as well as the substantially greater effects of
chromatic aberration (Cc) resulting from increased energy
spread. It will be of great interest to the structural biology
community to examine the resolving capabilities at lower
keVs once these hurdles are overcome. The ‘‘optimal’’ en-
ergy for cryo-EM is unquestionably a nuanced topic, and
the choice of instrumentation ultimately depends on many
factors, such as the nature of the biological specimen itself,
the desired resolution, and—perhaps the biggest deter-
mining factor for many institutions—available resources.
Image acquisition

Cryo-EM data sets often consist of thousands of electron
micrographs collected over the course of several days,
which yield hundreds of thousands (and sometimes mil-
lions) of particle images. The number of particles required
to produce a high-resolution reconstruction varies widely
depending on the quality of the specimen (as discussed pre-
viously) as well as the conditions and/or instrumentation
used for image acquisition, but generally more particle im-
ages correlate with increased resolution. Given the high cost
of the operation of modern TEMs used for high-resolution
data collection, as well as the dependence of resolution on
particle number (51), it is prudent to maximize both the
quality and quantity of data collected. For this reason, there
has been a concerted push for automation in cryo-EM SPA
image acquisition as well as processing over the past de-
cades. Image acquisition software packages such as Leginon
1284 Biophysical Journal 119, 1281–1289, October 6, 2020
(52), SerialEM (53), and EPU (Thermo Fisher Scientific)
interface with the TEM and enable automated navigation
and exposure targeting in areas selected by the user. The
rate of image acquisition can be accelerated by more than
an order of magnitude by navigating across the grid through
optical shifting of the beam (beam-image shift) instead of
mechanically moving the stage, which requires an extended
settling time after each movement. Historically, the faster
beam-image shift strategy of data collection was avoided
for high-resolution imaging because of the off-axis coma
aberrations and phase shift errors introduced by beam tilt;
however, it has recently been shown that these aberrations
can be effectively minimized by a compensatory adjustment
of the TEM deflection coils (54). Furthermore, it has been
shown that these aberrations can be estimated and corrected
for in silico (55,56). Additional image acquisition speedups
are possible on three-condenser lens systems that allow for
small nanoprobe beam sizes (�600 nm in diameter or even
smaller with the recent introduction of the ‘‘fringe-free illu-
mination’’ scheme (57)), which enables targeting of multiple
exposures around the perimeter of the same grid hole to
further increase efficiency (1). Despite these advances,
several major bottlenecks still remain during image acquisi-
tion. One of these is the time spent performing microscope
alignments or adjustments during data collection, which
could be reduced through automation or improvements to
future TEMs. Additionally, a significant amount of user
intervention and savvy is still required to identify and target
the areas of the grid that will produce the best images. This
limitation could be overcome by developing machine-
learning algorithms to detect optimal acquisition areas
(i.e., based off ice thickness measurements performed using
an energy filter or aperture-limited scattering (18)) with
minimal user intervention. Fully automated acquisition
targeting in conjunction with on-the-fly image analysis
(58–60) would considerably improve both the speed and
quality of data collection.

A final critical factor in image acquisition lies in the use
of DEDs, the development of which was the impetus for
high-resolution cryo-EM SPA. Modern DEDs yield signifi-
cantly improved image quality relative to previous charge-
coupled devices by detecting charges generated directly
from incident electrons, resulting in precise readouts of
electron positions and higher detective quantum efficiency
(61,62) (DQE, a measure of the SNR performance of the de-
tector across spatial frequencies). More importantly, DEDs
enable the collection of short video frames, which can
then be aligned to each other to correct for the effects of im-
age blurring from the beam-induced specimen motion that
would otherwise dampen the high-resolution information
(63,64). Dose weighting of individual frames to partially ac-
count for radiation damage can also be performed concur-
rently (65). Development of next-generation DEDs is well
underway in the technical pursuit of the ‘‘perfect’’ detector,
i.e., one with the DQE approaching 1 across all spatial
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frequencies, higher frame rates and readout times, and larger
fields of view to maximize data collection efficiency. Look-
ing ahead, it is likely that the rate-limiting bottleneck during
imaging will alternate between hardware and software as
technical advances in both areas continue to be achieved.
Image processing

The cryo-EM image processing workflow has become
increasingly standardized over the past decade and begins
with the computational correction of beam-induced spec-
imen motion in the acquired images (motion correction)
and filtering of image frames to account for accumulated ra-
diation damage (dose-weighting). Biological specimens
(‘‘particles’’) in the corrected micrographs are next identi-
fied using template- or gaussian-based algorithms, followed
by two-dimensional (2D) rotational alignment, classifica-
tion, and averaging of particle images to facilitate the initial
culling of junk or low-quality particle picks. The selected
particle subset is then subjected to iterative rounds of
three-dimensional (3D) alignment and classification using
a projection-matching approach to determine angular
assignments for the particle images and to separate confor-
mational and/or compositional heterogeneity. Angular as-
signments for these states are then refined separately to
improve the resolution of the 3D reconstruction (66). Ancil-
lary steps, such as finer correction of particle motion (parti-
cle ‘‘polishing’’ (58)) and aberration correction (55), can be
employed to further improve map quality and resolution by
restoring high spatial frequency information.

Macromolecules that are dynamic or contain continuously
flexible components can be challenging to reconstruct
because their projection images cannot be ascribed to a sin-
gle structural state. In such cases, a focused classification and
refinement approach may be useful, wherein focused 3D
masks are applied to a specific region of interest on the com-
plex to classify heterogeneity and/or to improve the align-
ment parameters within that region. Information outside of
the region of interest may also be computationally removed
altogether from the particle images themselves (‘‘signal sub-
traction’’) (67). Additionally, multibody refinement (68) and
3D variability analysis (69) approaches may be used to
describe interdomain motions across the complex. The
full continuum of conformational states adopted by a
biological complex can also be described using manifold
embedding, which defines the relative orientational and
conformational relationships of all particles in a data set to
generate a map of the free-energy landscape of the complex
in solution (70). These strategies have enabled detailed struc-
tural studies of dynamic, multisubunit complexes (71–74),
including the substrate-engaged 26S proteasome in multiple
states of substrate translocation (Fig. 2; (1)).

Although numerous image processing algorithms and
software packages are available nowadays that can
perform some or all of these steps (58–60), most of these
programs are not fully automated and still require a sig-
nificant amount of user intervention and judgement be-
tween steps, presenting yet another major bottleneck in
cryo-EM SPA, particularly for inexperienced users.
Furthermore, the wealth of available computational tools
is somewhat of a double-edged sword; although it is to
the user’s benefit to empirically test which combination
of algorithms and parameters yields the best results for
their particular data set, this approach is also very time
consuming. Many popular software packages (such as
RELION (58), cryoSPARC (60), Warp (59), and CisTEM
(75), to name just a few) aim to overcome this by imple-
menting guided and more user-friendly workflows and by
utilizing GPU or high-end CPU processors to speed up
computation time. However, there is still much room
for improvement when it comes to the speed and capabil-
ities of image processing algorithms. Many image recon-
struction programs struggle with large data sets or
particle image sizes and are less robust for challenging
macromolecules (e.g., small complexes (12,76) or highly
heterogeneous specimens). To assist with improving these
programs, many in the community have uploaded raw
data sets of challenging targets to the Electron Micro-
scopy Public Image Archive (EMPIAR) (77) to serve as
testbeds for algorithm development. Continuation of
these practices, in addition to improvements to image
SNR from next-generation detectors, will hopefully lead
to more streamlined and robust image processing soft-
ware in the future.
Resolution assessment and validation

The ultimate goal of most cryo-EM SPA studies is to pro-
duce an atomic model of a targeted biological specimen
to gain residue-level insights into the molecular mecha-
nisms associated with function. It is thus of utmost
importance to verify that the experimental cryo-EM
map and corresponding atomic model accurately repre-
sent the acquired data to prevent the formation of biolog-
ical interpretations that exceed the structural details of
the reconstruction. Structure validation is particularly
critical for cryo-EM because the maps and atomic models
are generated through independent processes (in contrast
to x-ray crystallography, in which the maps and models
are iteratively refined). Although validation methods
and metrics for cryo-EM are not yet fully standardized
(see below), analysis of the experimental map, model,
and map-to-model fit are required for all cryo-EM publi-
cations and depositions.

The quality metric for cryo-EM maps is reported by
the Fourier shell correlation (FSC) curve (78), which
measures the agreement between two independently
refined ‘‘half maps,’’ each containing a random half-sub-
set of the data as a function of spatial resolution. The
value at the FSC ¼ 0.143 threshold is typically reported
Biophysical Journal 119, 1281–1289, October 6, 2020 1285
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tunities for reducing these bottlenecks. To see this figure in color, go online.

Wu and Lander
as the nominal resolution of the map (51), although
numerous other metrics have been proposed (78,79). It
is important to keep in mind, however, that the FSC is
not a measure of resolution but rather of the global cor-
relation between two halves of the data. For data sets of
compositionally and conformationally homogeneous
specimens that sample a wide range of orientations in
ice, the FSC ¼ 0.143 cutoff provides a sufficient estima-
tion of the resolution of the reconstruction. However,
even in these ideal cases, a single resolution value does
not reflect the variability that is typically present in
SPA reconstructions (80). Local resolution analysis can
reveal map quality differences to provide insight into spe-
cific regions of structural heterogeneity (81,82). Stable
regions, such as the core of the molecule, will typically
be resolved to higher resolution than peripheral or flex-
ible domains. It is also prudent to examine the FSC itself
because the shape of the curve can inform on issues such
as overfitting, sample heterogeneity, insufficient defocus
spread, and duplicate particles, all of which manifest as
distinctive pathologies in the FSC (79).

Given that most biological specimens contain one or
more regions that preferentially adhere to the AWI, it is
also important to consider that some cryo-EM reconstruc-
tions will not have isotropic directional resolution. Such re-
constructions contain substantially less detailed structural
information along the axes of the underpopulated orienta-
tions. In extreme cases in which preferential orientation
dominates the data set, structural features along the axis
orthogonal to the preferred view will appear distorted and
stretched, yet the FSC may falsely report a high global res-
olution value. Thus, to more accurately assess resolution in
cryo-EM maps, particularly those exhibiting strong prefer-
ential orientation, the 2D FSC curve can be extended into
a 3D FSC to describe the overall resolution anisotropy of
the resulting reconstruction (25,26).

The resulting atomic models must also be validated
through various metrics that are commonplace in x-ray
crystallography. Importantly, the correlation between the
experimental map and the atomic model must also be
assessed because a model with good statistics may not
necessarily represent the data. Due to the inherent confor-
mational heterogeneity of cryo-EM SPA structures, as well
as the aspect that atomic resolution structures have not
been obtained until recently, the field has yet to agree
upon a standardized method for model validation in cryo-
EM SPA; rather, multiple complementary validation pro-
grams are typically used to assess the quality of models
built from cryo-EM data, including MolProbity (83),
EMRinger (84), and CaBLAM (85). The agreement be-
tween the experimental data and map can also be assessed
by calculating a map-to-model FSC, either globally or on
the basis of local resolution (FSC-Q) (86). These statistics
are collectively presented in published works as a supple-
mentary table similar to what is prepared for models deter-
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mined from x-ray crystal structures. Furthermore, given
that the inherent resolution variation in cryo-EM maps
cannot be sufficiently described using a single B-factor,
multimodel convergence approaches have also been pro-
posed for evaluating map and model quality (87). The rapid
influx of cryo-EM structures nowadays necessitates more
efforts toward standardizing model validation. In the
interim, these validation metrics must be kept in mind,
and appropriate caution taken, when interpreting published
maps and models.
Concluding remarks

Salient technical breakthroughs in cryo-EM SPA over
the past decade have enabled novel structural and
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mechanistic perspectives of a multitude of biological
macromolecules. However, as the popularity of this tech-
nique increases, so too does the need for greater effi-
ciency and accessibility. To this end, substantial strides
are being made toward developing a more streamlined
SPA workflow (Fig. 3). New sample vitrification robots
can improve the reproducibility and quality of cryo-EM
specimen grids by avoiding common pitfalls associated
with conventional blotting methods and by providing a
means to prescreen grid quality. Furthermore, the devel-
opment of cheaper 100-kV instruments for routine sample
screening may reduce the burden on higher-end TEMs.
Another exciting prospect that has yet to be fully
explored is the integration of machine-learning technol-
ogy to guide or entirely replace steps that require signif-
icant user intervention, which would remove major
bottlenecks in image acquisition and data processing
(and could potentially be extended to other aspects of
the workflow, such as specimen preparation). Collec-
tively, these developments in conjunction with next-gen-
eration instruments and hardware will further expand
the accessibility and utility of cryo-EM, particularly for
high-throughput applications such as structure-based
drug design, and it will be tremendously exciting to see
how the field advances over the next decade.
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