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Abstract

All steps of cryogenic electron-microscopy (cryo-EM) workflows have rapidly evolved over 

the last decade. Advances in both single-particle analysis (SPA) cryo-EM and cryo-electron 

tomography (cryo-ET) have facilitated the determination of high-resolution biomolecular 

structures that are not tractable with other methods. However, challenges remain. For SPA, 

these include improved resolution in an additional dimension: time. For cryo-ET, these include 

accessing difficult-to-image areas of a cell and finding rare molecules. Finally, there is a need 

for automated and faster workflows, as many projects are limited by throughput. Here, we review 

current developments in SPA cryo-EM and cryo-ET that push these boundaries. Collectively, 

these advances are poised to propel our spatial and temporal understanding of macromolecular 

processes.
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Introduction

Advances in direct electron detectors (DEDs) and software innovations have prompted 

exponential growth in the number of biomolecular structures solved with cryogenic electron 

microscopy (cryo-EM). Scientists leverage single-particle analysis (SPA) cryo-EM [1] to 

determine the structures of purified macromolecules and cryogenic electron-tomography 

(cryo-ET) [2] to study large assemblies in their native cellular environment. However, for a 

detailed understanding of molecular function, a mere snapshot of a molecule is not enough. 

Rather, its interaction with substrates, reaction intermediates, binding partners, and the 

cellular environment is required to determine its mechanism and function. The last few 

years have seen constant improvements in sample preparation that facilitate the study of 

challenging specimens. Meanwhile, accelerated data acquisition schemes and automation 

have increased throughput [3–6].
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SPA largely depends on highly purified and often stabilized molecules that lack their native 

environment. Often these molecules are reconstituted in complexes that may miss unknown, 

but physiologically relevant, cofactors. In contrast, cryo-ET can be used to determine the 

structures of large molecules and complexes in naturally thin or thinned areas of a cell, but 

it is limited to relatively low-resolution (~20 Å) for single-instance detection [7]. However, 

with large datasets and elaborate data-processing workflows, subtomogram averaging can 

integrate the signals of several thousands of individual particles [8, 9], yielding a much 

higher resolution (currently to ~3.5 Å in the absence of symmetry [10]).

Acquisition of sufficient data is often challenging. Macromolecules are extremely small 

relative to the size of a cell and, thus, can be hard to locate. For example, a typical tomogram 

only spans ~0.01% of the volume of a mammalian cell (estimated based on a cell with 

a 10 μm radius and a 200-μm thick section). The physical nature of electrons also poses 

a key challenge for cryo-ET: the apparent mean free path of electrons is only ~280 nm 

in a microscope suitable for cryo-ET [11]. Thus, most areas of a cell are too thick to 

image directly. Cryo-correlative light and EM (cryo-CLEM) [12–15] and cryo-focused ion 

beam (FIB) milling [16, 17] attempt to address these challenges and can be combined [18–

27]. Cryo-CLEM integrates light microscopy and cryo-ET to locate, for example, cellular 

structures or fluorescently labelled molecules of interest [12–15, 25]. Cryo-FIB milling 

leverages a high-current gallium ion beam to create thin sections through cells, termed 

lamellae (typically ~80–300 nm thick) [16, 17, 22–24, 26].

Nevertheless, challenges persist. Here, we review the latest breakthroughs and current 

developments of cryo-EM techniques with an emphasis on large molecules using time-

resolved methods, natively purified samples, and in situ imaging methods.

Time waits for no one — The race against the clock to image short-lived 

intermediates

Many biological processes occur on a timescale of milliseconds or shorter. However, during 

a classical SPA specimen preparation procedure, the sample is applied to a cryo-EM grid, 

excess buffer is removed by blotting with filter paper, and the sample is plunged into 

liquid ethane to rapidly vitrify the biomacromolecule in a native state (Fig. 1A) [28]. This 

procedure takes at least several seconds from sample application to vitrification – too long 

to capture short-lived states in many reactions. Therefore, faster vitrification methods to 

visualize such intermediates are needed.

Time-resolved cryo-EM attempts to capture short-lived molecular states by rapid mixing of 

reactants and sample vitrification on ms-timescales (Fig. 1B–D) [29–31]. Time-resolved 

cryo-EM faces two main challenges: achieving efficient mixing of the reactants and 

obtaining ideal ice-thickness for imaging. Automated devices developed to overcome 

such obstacles are often built in-house, expensive, and difficult to operate, resulting in 

low reproducibility. Here, we review recent approaches that enable new insights into 

physiological molecular dynamics, assembly, and reaction pathways (Table 1) [32–34] and 

provide an outlook for future applications and developments.
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One of the earliest developed methods, ‘spraying-mixing’, leverages passive diffusion after 

the sequential application of two reactants onto the same grid before flash-freezing within 

<100 ms [29] (Fig. 1B). Updated versions achieve time resolutions as small as 2 ms but poor 

sample mixing, especially of large molecules, and uneven ice thickness limits its use [35]. 

The commercially available Spotiton deposits ~50 pl sample droplets on self-wicking grids 

with a piezoelectric dispenser. Dandey et al. [32] modified a Spotiton by adding a second 

piezoelectric dispenser to deposit the second reactant. Self-wicking grids contain nanowires 

to leverage capillary forces that generate a thin buffer film and effectively mix the sample 

within ~90 ms. A limitation of this technology lies in the requirement of self-wicking 

grids, which are mainly manufactured in-house through laborious processes, also posing the 

problem of reproducibility. This issue is partially addressed within a new implementation 

of the Chameleon, a blot-free plunger based on the Spotiton. The Chameleon can now 

automatically calculate the ideal wicking time and plunge-freezing speed and enables the 

user to assess the film thickness prior to imaging [36, 37]. The tight control of these 

parameters is expected to increase reproducibility.

In contrast, ‘mixing-spraying’ approaches optimize sample mixing using microfluidic 

devices prior to grid application [30, 38, 39]. So far, this approach has provided insights 

into the dynamics of biological systems like ribosomal assembly [38, 40, 41]. The primary 

drawback of mixing-spraying is the complex and expensive manufacturing of microfluidic 

devices. The poorly understood physical parameters of mixing efficiency and incubation 

error in microfluidic devices pose additional experimental challenges. Mäeots et al. [33] 

developed a bimodular instrument that consists of a microfluidic module that allows for 

tuning of flow rate, length of mixing segments, and spraying pressure to deposit the sample 

on a conventional cryo-EM grid (Fig. 1C). Their detailed characterization of the mixing 

properties of this device allows for accurate control of the sample preparation in as short as 

~30 ms. The use of conventional cryo-EM grids rather than specifically manufactured grids 

further facilitates the procedure. Finally, the system proposed by Mäeots et al. might provide 

an affordable alternative that is relatively easy to assemble compared to spraying-mixing 

approaches.

Finally, a third time-resolved cryo-EM approach uses light of specific wavelengths to 

trigger photoreactions. Light-induced overheating and melting of the vitrified specimens 

are key challenges. This has led to relatively little progress since the development of the 

first flash-plunge setups to activate light-sensitive proteins like rhodopsin over 20 years 

ago [31]. Recently, a UV LED approach was used to induce photochemical reactions 

directly on a cryo-EM grid (Fig. 1D) [34]. Yoder et al. used the chicken proton-gated 

acid-sensing ion channel 1a (cASIC1a) as a case study. cASIC1a has a well-characterized 

“closed/resting” state at high pH, and transient “open/conducting” and “open/desensitized” 

states at low pH. Leveraging their light-coupled cryo-plunger combined with caged protons, 

the authors vitrified the sample within ~70 ms of exposure at different intensities. No UV 

exposure and low intensity conditions yielded cASIC1a structures in a “closed/resting” 

conformation, whereas high-intensity exposure induced an “open/desensitized” state. This 

example foreshadows the use of light-based time-resolved cryo-EM for both SPA and cryo-

ET in structural neuroscience, where caged compounds (e.g. ions, neurotransmitters, ATP) 

are already routinely used [42]. Despite the advances, the temporal resolution could not 
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capture the “open/conducting” state of cASIC1a, expected to last only tens of milliseconds, 

highlighting the need for even faster sample preparation and vitrification techniques.

These blot-free vitrification techniques also overcome additional challenges that plague 

many specimens, such as preferential orientation and sample aggregation at the air-water 

interface [43]. Mäeots et al. demonstrate reduced sample aggregation on the example of 

the Cop9 signalosome in complex with its effectors, which is known to aggregate at the 

air water-interface. Similarly, the new Chameleon was used to determine the structure of 

deoxyadenosine triphosphate (dATP)-bound inactive class Ia ribonuclease reductase (RNR) 

from Neisseria gonorrhoeae complexes [36]. Ring-shaped RNRs orient perpendicularly 

to the air-water-interface leading to preferential orientation and rapid denaturation, when 

vitrified using conventional methods. These issues were partially overcome by decreasing 

the specimen dispense-to-plunge time to 54 ms, which yielded a better angular distribution 

and a higher fraction of intact RNR rings. Consequently, the development of instrumentation 

for time-resolved cryo-EM may have wider ramifications for vitrification and sample quality 

at large [44, 45].

In summary, time-resolved cryo-EM is a fast-developing area of SPA that allows for 

high-resolution snapshots with millisecond resolution. Recent developments improved the 

reproducibility of time-resolved cryo-EM. Despite the increase in new technologies and the 

marketing of commercial instruments, access to time-resolved cryo-EM equipment is still 

limited, and the use of this instrumentation is challenging. Future improvements will likely 

focus on reproducibility and ease of use.

You don’t know me — We only find what we include

Most structural biology approaches rely on highly homogeneous samples obtained by 

overexpression and isolation of recombinant proteins. Many macromolecular assemblies 

are too complex for in vitro reconstitution or require extensive prior knowledge. Cryo-EM 

overcomes some of these limitations by leveraging elaborate computational schemes to 

classify different molecular states and conformations [46]. Thus, increasingly, researchers 

have taken to native samples to study complex and dynamic cellular machinery, e.g. the 

spliceosome in its many functional states and assemblies [47–60] or patient-derived samples 

such as amyloid fibrils (reviewed in [61]).

SPA has also emerged as a discovery tool for identifying binding partners and regulatory 

factors, such as translation hibernation factors in oocytes [62] and a translation elongation 

factor repurposed as an inhibitor in sensory neurons [63]. Two consecutive studies from 

Ho et al. [64] and Terwilliger et al. [65] use enriched cell lysate from Plasmodium 
falciparum to determine the structures of large complexes in the mixture. Subsequent de 
novo model building is aided by mass spectrometry and automated. The authors determined 

multiple structures of previously unidentified proteins, as well as unseen conformations of 

known complexes such as the 20S proteasome. However, all determined structures stem 

from relatively large and rigid macromolecules. Despite its great appeal, such an approach 

requires high-quality electron density maps (<4 Å) to automatically and unambiguously fit 
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amino acid side chains. All studies so far highlight that only large and abundant complexes 

with limited conformational heterogeneity are currently tractable.

Come together — The relevance of the molecular context

Cryo-ET is the method of choice for high-resolution 3D studies of complexes in cells 

(reviewed in [66]) (Fig. 1, bottom panel). During cryo-ET data collection, vitrified 

cryo-ET specimens are incrementally tilted, and the imaged 3D volume is reconstructed 

from the acquired 2D projections. Preservation of the cellular context has expanded 

our understanding of molecular mechanisms and processes. For example, the nuclear 

pore complex (NPC) illustrates the importance of studying complexes in their cellular 

environment: in cellulo cryo-ET structures of NPCs from S. pombe [67], S. cerevisiae [68], 

C. reinhardii [69], and H. sapiens [70, 71] reveal that the central channel of NPCs is much 

bigger than in purified NPCs [72–74]. This difference is likely due to tensile forces that the 

nuclear membrane exerts on NPCs in intact cells [67]. This result also has implications for 

cargo transport through the NPC. For instance, HIV-1 capsids can pass through the NPC 

into the nucleus without disassembly or remodelling of the NPC as had been previously 

hypothesized [71]. The key to these findings is the cellular context - the complex interplay of 

NPCs with the nuclear membrane, cytoskeleton, autophagosome, and other factors.

I still haven’t found what I’m looking for — The challenge of locating rare or 

localized molecules of interest

Molecules or states of interest are often transient and localized in specific subcellular 

areas. Therefore, it is essential to freeze the specimen at the right time and identify 

areas of interest before cryo-ET imaging or further processing of the specimen. Initially, 

live-cell imaging can provide valuable information on suitable time points to vitrify the 

specimen, for example, to capture transient structures such as the contractile actomyosin 

ring during eukaryotic cell division (Fig. 1, right bottom panel) [75]. After vitrification, 

cryo-fluorescence imaging of the sample in a light microscope (confocal or widefield) 

equipped with a cryo-stage facilitates target identification [12, 13, 15]. Open-source 

solutions facilitate the alignment and cross-correlation of both montages [27, 76], reducing 

the need for homemade software solutions.

While the resolution of conventional cryo-fLM is acceptable, it is insufficient to determine 

the precise depth of a target necessary to inform cryo-FIB milling [25, 77–79]. Resolution 

is further impacted by sample thickness. The low temperatures used in cryo-fLM require 

objectives with long working distances and cryo-immersion approaches that are compatible 

with subsequent cryo-ET are currently not available. Super-resolution (reviewed in [80]) is 

still in early development phases but can deliver sufficiently precise target coordinates for 

cryo-FIB milling. For instance, Sexton et al. combined super-resolution confocal cryo-fLM 

with cryo-FIB milling and cryo-ET to study Deinococcus radiodurans during cell division, 

uncovering the atypical morphology of its cell envelope and the ultrastructure of division 

sites [81].
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The ice is getting thinner — Thinning of specimens using cryo-FIB milling

Cryo-FIB milling is currently the most advanced method to ablate cell material to generate 

thin preparations for cryo-ET imaging (Fig. 1, right bottom panel) [16, 17, 26]. Initially, 

an organo-platinum layer is applied to disperse charge build-up during milling. This is 

followed by consecutive rounds of cryo-FIB milling with decreasing ion beam currents until 

the desired thickness is obtained. The milling process is monitored by scanning electron 

microscopy (SEM). Importantly, correlation of cryo-fLM with the SEM image can be used 

to guide milling [18–21, 82].

Cryo-FIB milling still suffers from many challenges: the commonly used gallium ion 

beam becomes divergent at high beam currents, leading to sample damage and gallium 

implantation into the lamella. Moreover, the procedure is susceptible to ice contamination 

during milling and transfer between instruments, and the milling process is slow and highly 

user-involved. Strategies have emerged and continue to evolve to overcome these challenges. 

For example, plasma cryo-focused ion beams (cryo-PFIB) that use gases, such as oxygen 

or argon, to generate the plasma, are emerging as an alternative for biological specimens 

[83, 84]. Cryo-PFIBs remain more focused than gallium ion beams at high beam currents 

[85], thus reducing implantation effects and sample damage. Early studies confirm that 

high-resolution features are preserved in cryo-ET of lamellae prepared with a cryo-PFIB 

[84]. Cryo-PFIBs can also ablate more material than a gallium cryo-FIB, which could pave 

the way for the preparation of specimen from larger tissue sections.

The main sources of ice build-up on lamellae are water molecules in the imperfect vacuum 

of the cryo-FIB and re-disposition of ablated material. Additionally, exposure to atmospheric 

water during transfer of the sample between instruments increases the risk of contamination. 

These issues are addressed by a combination of milling strategy adaptations and engineering 

solutions. Initial crude milling and final ‘polishing’ to the desired thickness minimize the 

time of the final lamella in the cryo-FIB [86]. Tacke et al. used cryo-FIB/SEM hardware 

modifications such as a stage heater, a cryo-shield, and a cryo-shutter to drastically reduce 

ice build-up [87]. Additionally, a glove box equipped with an adaptor for a previously 

designed high vacuum cryo-transfer system that is purged with dry N2 eliminates water 

exposure during transfer [87, 88]. Collectively, these advances reduce the chance of ice 

contamination and allow for longer cryo-FIB milling times and automation methods reduce 

user intervention and speed up the thinning process [86, 89, 90].

Classical cryo-FIB approaches largely rely on conventional plunge-vitrification. However, 

the achievable depth of vitrification, at which no crystalline ice forms, only allows for 

vitrification of specimens that are a few microns thick (10–20 μm [91]). New approaches, 

termed cryo-FIB-lift-out [92–96] and the Waffle method [97] both leverage high-pressure 

freezing to achieve homogenous vitrification. In situ lift-out, the biological material is 

first exposed using a cryo-ultramicrotome [92, 95]. This facilitates the use of cryo-fLM to 

identify areas of interest and enables the use of a gallium cryo-FIB to generate a lamella. 

Finally, the resulting lamella is mounted on a support grid using a micromanipulator where it 

can be further thinned before imaging.
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The Waffle method (named so due to the resemblance of the high-pressure frozen grid to a 

waffle) leverages high-pressure freezing followed by cryo-FIB milling to solve the common 

preferred orientation problem that the air-water interface imposes on many samples [97]. 

In comparison to lift-out, the thickness of the starting material is limited to ~50 μm as 

opposed to ~200 μm due to the limitation of gallium cryo-FIBs. Cryo-PFIBs will likely push 

this limit. The Waffle method provides the advantage that densely packed cells or tissue 

allow for the milling of larger lamellae. Ultimately, this allows for higher throughput on the 

cryo-electron microscope.

In summary, cryo-CLEM and cryo-FIB workflows are time-consuming and susceptible 

to contamination of the specimen with ice due to several transfers between instruments. 

Integrated designs that combine cryo-fLM, cryo-FIB, and SEM in the same instrument, such 

as the “Photon Ion Electron” (PIE)-scope [82] the Aquilos 2 (ThermoFisher), or the recently 

released Arctis cryo-PFIB (Thermo Fisher) eliminate the risk of ice build-up during transfers 

and reduce user intervention. Thus, they are expected to become increasingly more popular. 

While many projects largely still rely on progressive automation to increase the throughput 

and accessibility of cryo-ET, the next frontier will be the preparation of samples from more 

complex multicellular sources.

Where have I seen you before? — 2D template matching to identify 

molecules in crowded environments

The identification of molecules of interest for structure determination in cryo-ET largely 

relies on the human eye or semi-automated detection using a 3D template [98]. 3D template 

matching (3DTM) uses low-resolution information from a template that is either generated 

from a manual selection of averaged molecules in subtomograms or from known structures 

(Fig. 1, left bottom panel). This has limited cryo-ET to studies of relatively large and 

distinctly-shaped complexes such as the ribosome and the proteasome.

The recently developed 2D template matching (2DTM) approach leverages the known 3D 

high-resolution structures obtained from SPA or X-ray crystallography as search models 

(Fig. 1, left bottom panel) [99, 100]. In contrast to 3DTM, 2DTM leverages high-resolution 

information, which is unique to every molecule and assembly, to determine the locations 

within an image. The method requires only one untilted exposure that retains high-resolution 

information. The recent integration of 2DTM into the graphical user interface of cisTEM 

[99, 101] makes 2DTM a user-friendly and relatively fast alternative to manual identification 

or 3DTM in a thin specimen. In a direct comparison on a bacterial ribosome, 2DTM 

has higher precision than 3DTM but relies more strongly on a thin sample to retain high-

resolution information in the image [99]. Indeed, the method currently has lower sensitivity 

in samples >100nm [99]. 2DTM is compatible with cryo-FIB milling and multiple 

templates could be used to coarsely pre-classify particles [102] prior to reconstructing 3D 

volumes. However, the reliance on high-resolution signal requires higher magnifications 

than commonly used for cryo-ET. This limits the volume that can be examined at any 

given time. If the untilted 2DTM image cannot be integrated into the tilt-series acquisition, 

the additional irradiation of the sample might be undesirable. Finally, despite an estimated 
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theoretical limitation of ~300 kDa in a 100 nm thick biological sample [100], the use of 

2DTM beyond detecting ribosomes has yet to be proven.

Concluding remarks

As new methods and technologies address the challenges associated with specimen 

preparation and target molecule identification, the scope of SPA and cryo-ET keeps 

broadening. Once considered separate disciplines, the gap between these two methods is 

narrowing due to the need for studying molecules in action, in native environments, and at 

high resolution. Time-resolved cryo-EM has added another dimension, time, whereas cryo-

CLEM and cryo-FIB milling have allowed the visualization of macromolecular complexes 

previously inaccessible cellular areas. While the latest approaches achieve unprecedented 

resolution in time and space, their increasing cost limits broad access to constantly 

improving instrumentation. Therefore, there is a critical need for affordable access to 

instrumentation that will democratize cryo-EM.

Acknowledgements

We thank Dr. Tim Grant (Morgridge Institute, University of Wisconsin-Madison), Dr. Zachary T. Campbell 
(University of Wisconsin-Madison), and Dr. Daniel Turner-Evans (University of California, Santa Cruz) for their 
comments on this manuscript.

Funding:

This work was supported by NIH grant R35GM146862 (SL) and start-up funds provided by the University of 
California, Santa Cruz to Dr. Sarah Loerch.

References and recommended reading

Papers of particular interest, published within the period of review, have been highlighted as:

· of special interest

·· of outstanding interest

1. Bai XC, Seeing Atoms by Single-Particle Cryo-EM. Trends Biochem Sci, 2021. 46(4): p. 253–254. 
[PubMed: 33487509] 

2. Bohning J and Bharat TAM, Towards high-throughput in situ structural biology using electron 
cryotomography. Prog Biophys Mol Biol, 2021. 160: p. 97–103. [PubMed: 32579969] 

3. Bouvette J, et al. , Beam image-shift accelerated data acquisition for near-atomic resolution single-
particle cryo-electron tomography. Nat Commun, 2021. 12(1): p. 1957. [PubMed: 33785757] 

4. Cheng A, et al. , High resolution single particle cryo-electron microscopy using beam-image shift. J 
Struct Biol, 2018. 204(2): p. 270–275. [PubMed: 30055234] 

5. Turonova B, et al. , Benchmarking tomographic acquisition schemes for high-resolution structural 
biology. Nat Commun, 2020. 11(1): p. 876. [PubMed: 32054835] 

6. Weis F and Hagen WJH, Combining high throughput and high quality for cryo-electron microscopy 
data collection. Acta Crystallogr D Struct Biol, 2020. 76(Pt 8): p. 724–728. [PubMed: 32744254] 

7. Frank J, Electron tomography : methods for three-dimensional visualization of structures in the cell. 
2nd ed. 2006, New York ; London: Springer. xiv, 455 p.

8. Wan W and Briggs JA, Cryo-Electron Tomography and Subtomogram Averaging. Methods 
Enzymol, 2016. 579: p. 329–67. [PubMed: 27572733] 

9. Zhang P, Advances in cryo-electron tomography and subtomogram averaging and classification. 
Curr Opin Struct Biol, 2019. 58: p. 249–258. [PubMed: 31280905] 

Guaita et al. Page 8

Curr Opin Struct Biol. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



10. Tegunov D, et al. , Multi-particle cryo-EM refinement with M visualizes ribosome-antibiotic 
complex at 3.5 A in cells. Nat Methods, 2021. 18(2): p. 186–193. [PubMed: 33542511] 
·Integration of corrections for sample motion and deformation during imaging are combined 
with neural network-based map denoising to obtain high-resolution structures of 70 ribosomes in 
bacteria using subtomogram averaging.

11. Rice WJ, et al. , Routine determination of ice thickness for cryo-EM grids. J Struct Biol, 2018. 
204(1): p. 38–44. [PubMed: 29981485] 

12. Sartori A, et al. , Correlative microscopy: bridging the gap between fluorescence light microscopy 
and cryo-electron tomography. J Struct Biol, 2007. 160(2): p. 135–45. [PubMed: 17884579] 

13. Schwartz CL, et al. , Cryo-fluorescence microscopy facilitates correlations between light and 
cryo-electron microscopy and reduces the rate of photobleaching. J Microsc, 2007. 227(Pt 2): p. 
98–109. [PubMed: 17845705] 

14. Briegel A, et al. , Correlated light and electron cryo-microscopy. Methods Enzymol, 2010. 481: p. 
317–41. [PubMed: 20887863] 

15. van Driel LF, et al. , Tools for correlative cryo-fluorescence microscopy and cryo-electron 
tomography applied to whole mitochondria in human endothelial cells. Eur J Cell Biol, 2009. 
88(11): p. 669–84. [PubMed: 19726102] 

16. Marko M, et al. , Focused-ion-beam thinning of frozen-hydrated biological specimens for cryo-
electron microscopy. Nat Methods, 2007. 4(3): p. 215–7. [PubMed: 17277781] 

17. Rigort A, et al. , Focused ion beam micromachining of eukaryotic cells for cryoelectron 
tomography. Proc Natl Acad Sci U S A, 2012. 109(12): p. 4449–54. [PubMed: 22392984] 

18. Arnold J, et al. , Site-Specific Cryo-focused Ion Beam Sample Preparation Guided by 3D 
Correlative Microscopy. Biophys J, 2016. 110(4): p. 860–9. [PubMed: 26769364] 

19. Fuest M, et al. , In situ Microfluidic Cryofixation for Cryo Focused Ion Beam Milling and Cryo 
Electron Tomography. Sci Rep, 2019. 9(1): p. 19133. [PubMed: 31836773] 

20. Wu GH, et al. , Multi-scale 3D Cryo-Correlative Microscopy for Vitrified Cells. Structure, 2020. 
28(11): p. 1231–1237 e3. [PubMed: 32814034] 

21. Klein S, et al. , Post-correlation on-lamella cryo-CLEM reveals the membrane architecture of 
lamellar bodies. Commun Biol, 2021. 4(1): p. 137. [PubMed: 33514845] 

22. Mahamid J, et al. , Visualizing the molecular sociology at the HeLa cell nuclear periphery. Science, 
2016. 351(6276): p. 969–72. [PubMed: 26917770] 

23. Schaffer M, et al. , Cryo-focused Ion Beam Sample Preparation for Imaging Vitreous Cells by 
Cryo-electron Tomography. Bio Protoc, 2015. 5(17).

24. Schaffer M, et al. , Optimized cryo-focused ion beam sample preparation aimed at in situ structural 
studies of membrane proteins. J Struct Biol, 2017. 197(2): p. 73–82. [PubMed: 27444390] 

25. Hampton CM, et al. , Correlated fluorescence microscopy and cryo-electron tomography of 
virus-infected or transfected mammalian cells. Nat Protoc, 2017. 12(1): p. 150–167. [PubMed: 
27977021] 

26. Wagner FR, et al. , Preparing samples from whole cells using focused-ion-beam milling for cryo-
electron tomography. Nat Protoc, 2020. 15(6): p. 2041–2070. [PubMed: 32405053] ·Complete 
protocol for cryo-FIB SEM using a dual beam instrument and subsequent cryo-ET imaging.

27. Fu X, et al. , AutoCLEM: An Automated Workflow for Correlative Live-Cell Fluorescence 
Microscopy and Cryo-Electron Tomography. Sci Rep, 2019. 9(1): p. 19207. [PubMed: 31844138] 

28. Adrian M, et al. , Cryo-electron microscopy of viruses. Nature, 1984. 308(5954): p. 32–6. 
[PubMed: 6322001] 

29. Berriman J and Unwin N, Analysis of transient structures by cryo-microscopy combined with rapid 
mixing of spray droplets. Ultramicroscopy, 1994. 56(4): p. 241–52. [PubMed: 7831735] 

30. Lu Z, et al. , Monolithic microfluidic mixing-spraying devices for time-resolved cryo-electron 
microscopy. J Struct Biol, 2009. 168(3): p. 388–95. [PubMed: 19683579] 

31. Subramaniam S, et al. , Protein conformational changes in the bacteriorhodopsin photocycle. J Mol 
Biol, 1999. 287(1): p. 145–61. [PubMed: 10074413] 

32. Dandey VP, et al. , Time-resolved cryo-EM using Spotiton. Nat Methods, 2020. 17(9): p. 897–900. 
[PubMed: 32778833] ·· A recent approach for spraying-mixing time resolved EM. The Spotiton 

Guaita et al. Page 9

Curr Opin Struct Biol. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



robot is implemented to dispense two reactant streams onto a self-wicking grid, completing the 
sample preparation and vitrification in ~90 ms.

33. Maeots ME, et al. , Modular microfluidics enables kinetic insight from time-resolved cryo-EM. 
Nat Commun, 2020. 11(1): p. 3465. [PubMed: 32651368] ·· A recent approach for mixing-
spraying time resolved EM. A microfluidic device, nitrogen gas nozzle and automated plunge 
freezing arm are combined in a tuneable system that reaches ~30 ms resolution.

34. Yoder N, et al. , Light-coupled cryo-plunger for time-resolved cryo-EM. J Struct Biol, 2020. 
212(3): p. 107624. [PubMed: 32950604] ·· A light-based time resolved EM method that UV 
irradiates the specimen on the grid to trigger a photochemical reaction. Light exposure and 
subsequent vitrification are achieved within tens of milliseconds through a ‘flash-plunger’ system.

35. Unwin N and Fujiyoshi Y, Gating movement of acetylcholine receptor caught by plunge-freezing. J 
Mol Biol, 2012. 422(5): p. 617–634. [PubMed: 22841691] 

36. Levitz TS, et al. , Effects of chameleon dispense-to-plunge speed on particle concentration, 
complex formation, and final resolution: A case study using the Neisseria gonorrhoeae 
ribonucleotide reductase inactive complex. J Struct Biol, 2022. 214(1): p. 107825. [PubMed: 
34906669] ·· The Chameleon is used to address the reproducibility intrinsic to self-wicking grids. 
The instrument automatically optimizes the ideal wicking time and plunge-freezing conditions and 
allows for assessment of the buffer film thickness prior to imaging.

37. Levitz TS, et al. , Approaches to Using the Chameleon: Robust, Automated, Fast-Plunge cryoEM 
Specimen Preparation. Front Mol Biosci, 2022. 9: p. 903148. [PubMed: 35813832] 

38. Chen B, et al. , Structural dynamics of ribosome subunit association studied by mixing-spraying 
time-resolved cryogenic electron microscopy. Structure, 2015. 23(6): p. 1097–105. [PubMed: 
26004440] 

39. White HD, et al. , A second generation apparatus for time-resolved electron cryo-microscopy using 
stepper motors and electrospray. J Struct Biol, 2003. 144(1–2): p. 246–52. [PubMed: 14643227] 

40. Fu Z, et al. , Key Intermediates in Ribosome Recycling Visualized by Time-Resolved Cryoelectron 
Microscopy. Structure, 2016. 24(12): p. 2092–2101. [PubMed: 27818103] 

41. Kaledhonkar S, et al. , Late steps in bacterial translation initiation visualized using time-resolved 
cryo-EM. Nature, 2019. 570(7761): p. 400–404. [PubMed: 31108498] 

42. Hess GP, Lewis RW, and Chen Y, Caged neurotransmitters and other caged compounds: design and 
application. Cold Spring Harb Protoc, 2014. 2014(10): p. pdb top084152.

43. D’Imprima E, et al. , Protein denaturation at the air-water interface and how to prevent it. Elife, 
2019. 8.

44. Klebl DP, et al. , Need for Speed: Examining Protein Behavior during CryoEM Grid Preparation at 
Different Timescales. Structure, 2020. 28(11): p. 1238–1248 e4. [PubMed: 32814033] 

45. Kontziampasis D, et al. , A cryo-EM grid preparation device for time-resolved structural studies. 
IUCrJ, 2019. 6(Pt 6): p. 1024–1031.

46. Sigworth FJ, Principles of cryo-EM single-particle image processing. Microscopy (Oxf), 2016. 
65(1): p. 57–67. [PubMed: 26705325] 

47. Bai R, et al. , Structure of the Post-catalytic Spliceosome from Saccharomyces cerevisiae. Cell, 
2017. 171(7): p. 1589–1598 e8. [PubMed: 29153833] 

48. Bertram K, et al. , Structural Insights into the Roles of Metazoan-Specific Splicing Factors in the 
Human Step 1 Spliceosome. Mol Cell, 2020. 80(1): p. 127–139 e6. [PubMed: 33007253] 

49. Fica SM, et al. , Structure of a spliceosome remodelled for exon ligation. Nature, 2017. 542(7641): 
p. 377–380. [PubMed: 28076345] 

50. Fica SM, et al. , A human postcatalytic spliceosome structure reveals essential roles of metazoan 
factors for exon ligation. Science, 2019. 363(6428): p. 710–714. [PubMed: 30705154] 

51. Liu S, et al. , Structure of the yeast spliceosomal postcatalytic P complex. Science, 2017. 
358(6368): p. 1278–1283. [PubMed: 29146870] 

52. Wan R, et al. , Structures of the Catalytically Activated Yeast Spliceosome Reveal the Mechanism 
of Branching. Cell, 2019. 177(2): p. 339–351 e13. [PubMed: 30879786] 

53. Wan R, et al. , Structure of a yeast catalytic step I spliceosome at 3.4 A resolution. Science, 2016. 
353(6302): p. 895–904. [PubMed: 27445308] 

Guaita et al. Page 10

Curr Opin Struct Biol. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



54. Wilkinson ME, et al. , Postcatalytic spliceosome structure reveals mechanism of 3’-splice site 
selection. Science, 2017. 358(6368): p. 1283–1288. [PubMed: 29146871] 

55. Yan C, et al. , Structure of a yeast activated spliceosome at 3.5 A resolution. Science, 2016. 
353(6302): p. 904–11. [PubMed: 27445306] 

56. Yan C, et al. , Structure of a yeast step II catalytically activated spliceosome. Science, 2017. 
355(6321): p. 149–155. [PubMed: 27980089] 

57. Zhan X, et al. , Mechanism of exon ligation by human spliceosome. Mol Cell, 2022. 82(15): p. 
2769–2778 e4. [PubMed: 35705093] 

58. Zhan X, et al. , Structure of a human catalytic step I spliceosome. Science, 2018. 359(6375): p. 
537–545. [PubMed: 29301961] 

59. Zhang X, et al. , An Atomic Structure of the Human Spliceosome. Cell, 2017. 169(5): p. 918–929 
e14. [PubMed: 28502770] 

60. Zhang X, et al. , Structures of the human spliceosomes before and after release of the ligated exon. 
Cell Res, 2019. 29(4): p. 274–285. [PubMed: 30728453] 

61. Gallardo R, Ranson NA, and Radford SE, Amyloid structures: much more than just a cross-beta 
fold. Curr Opin Struct Biol, 2020. 60: p. 7–16. [PubMed: 31683043] 

62. Leesch F, et al. , A molecular network of conserved factors keeps ribosomes dormant in the egg. 
bioRxiv, 2021: p. 2021.11.03.467131.

63. Smith PR, et al. , Functionally distinct roles for eEF2K in the control of ribosome availability 
and p-body abundance. Nat Commun, 2021. 12(1): p. 6789. [PubMed: 34815424] · SPA cryo-EM 
from natively purified ribosomes reveals that the eukaryotic elongation factor 2 kinase (eEF2K) 
regulates translation in neurons.

64. Ho CM, et al. , Bottom-up structural proteomics: cryoEM of protein complexes enriched from the 
cellular milieu. Nat Methods, 2020. 17(1): p. 79–85. [PubMed: 31768063] · A new method for 
native SPA that leverages mass spectrometry and automated de novo model building to determine 
the structures of large complexes from enriched Plasmodium falciparum cell lysate.

65. Terwilliger TC, et al. , Protein identification from electron cryomicroscopy maps by automated 
model building and side-chain matching. Acta Crystallogr D Struct Biol, 2021. 77(Pt 4): p. 457–
462. [PubMed: 33825706] 

66. Pfeffer S and Mahamid J, Unravelling molecular complexity in structural cell biology. Curr Opin 
Struct Biol, 2018. 52: p. 111–118. [PubMed: 30339965] 

67. Zimmerli CE, et al. , Nuclear pores dilate and constrict in cellulo. Science, 2021. 374(6573): p. 
eabd9776. [PubMed: 34762489] 

68. Allegretti M, et al. , In-cell architecture of the nuclear pore and snapshots of its turnover. 
Nature, 2020. 586(7831): p. 796–800. [PubMed: 32879490] ·Cryo-FIB milling and cryo-ET of 
S. cerevisiae cells reveal snapshots of physiologic and pathologic nuclear membrane evaginations, 
termed herniae, that contain NPCs and play a role in NPC assembly and turnover.

69. Mosalaganti S, et al. , In situ architecture of the algal nuclear pore complex. Nat Commun, 2018. 
9(1): p. 2361. [PubMed: 29915221] 

70. Schuller AP, et al. , The cellular environment shapes the nuclear pore complex architecture. Nature, 
2021. 598(7882): p. 667–671. [PubMed: 34646014] 

71. Zila V, et al. , Cone-shaped HIV-1 capsids are transported through intact nuclear pores. Cell, 
2021. 184(4): p. 1032–1046 e18. [PubMed: 33571428] · Using cryo-FIB milling and cryo-ET of 
human cells, the authors demonstrate that the larger than previously assumed NPC diameter has 
implications for the cargo going through the NPC. Specifically, HIV-1 capsids can pass through 
the NPC into the nucleus without disassembly or remodeling of the NPC.

72. von Appen A, et al. , In situ structural analysis of the human nuclear pore complex. Nature, 2015. 
526(7571): p. 140–143. [PubMed: 26416747] 

73. Bui KH, et al. , Integrated structural analysis of the human nuclear pore complex scaffold. Cell, 
2013. 155(6): p. 1233–43. [PubMed: 24315095] 

74. Kosinski J, et al. , Molecular architecture of the inner ring scaffold of the human nuclear pore 
complex. Science, 2016. 352(6283): p. 363–5. [PubMed: 27081072] 

75. Swulius MT, et al. , Structure of the fission yeast actomyosin ring during constriction. Proc Natl 
Acad Sci U S A, 2018. 115(7): p. E1455–E1464. [PubMed: 29348205] 

Guaita et al. Page 11

Curr Opin Struct Biol. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



76. Yang JE, et al. , CorRelator: Interactive software for real-time high precision cryo-correlative light 
and electron microscopy. J Struct Biol, 2021. 213(2): p. 107709. [PubMed: 33610654] 

77. Ader NR and Kukulski W, triCLEM: Combining high-precision, room temperature CLEM with 
cryo-fluorescence microscopy to identify very rare events. Methods Cell Biol, 2017. 140: p. 303–
320. [PubMed: 28528638] 

78. Schorb M and Briggs JA, Correlated cryo-fluorescence and cryo-electron microscopy with high 
spatial precision and improved sensitivity. Ultramicroscopy, 2014. 143: p. 24–32. [PubMed: 
24275379] 

79. Schorb M, et al. , New hardware and workflows for semi-automated correlative cryo-fluorescence 
and cryo-electron microscopy/tomography. J Struct Biol, 2017. 197(2): p. 83–93. [PubMed: 
27368127] 

80. Dahlberg PD and Moerner WE, Cryogenic Super-Resolution Fluorescence and Electron 
Microscopy Correlated at the Nanoscale. Annu Rev Phys Chem, 2021. 72: p. 253–278. [PubMed: 
33441030] 

81. Sexton DL, et al. , Super-resolution confocal cryo-CLEM with cryo-FIB milling for in situ imaging 
of Deinococcus radiodurans. Curr Res Struct Biol, 2022. 4: p. 1–9. [PubMed: 34977598] 

82. Gorelick S, et al. , PIE-scope, integrated cryo-correlative light and FIB/SEM microscopy. Elife, 
2019. 8.·· The authors describe the ‘PIE-scope’, which integrates light microscopy, FIB milling, 
and SEM eliminating cryo-transfers and introducing an automated software to control the 
procedure across imaging modes.

83. Sergey G, et al. , Oxygen plasma focused ion beam scanning electron microscopy for biological 
samples. bioRxiv, 2018: p. 457820.

84. Berger C, et al. , Plasma FIB milling for the determination of structures in situ. bioRxiv, 2022: p. 
2022.08.01.502333.

85. Smith NS, et al. , High brightness inductively coupled plasma source for high current focused ion 
beam applications. Journal of Vacuum Science & Technology B: Microelectronics and Nanometer 
Structures Processing, Measurement, and Phenomena, 2006. 24(6): p. 2902–2906.

86. Zachs T, et al. , Fully automated, sequential focused ion beam milling for cryo-electron 
tomography. Elife, 2020. 9.

87. Tacke S, et al. , A streamlined workflow for automated cryo focused ion beam milling. J Struct 
Biol, 2021. 213(3): p. 107743. [PubMed: 33971286] · The authors describe a new hardware for 
cryo-FIB milling equipped with a stage heater, a cryo-shield, a cryo-shutter and a glove box to 
minimize the ice built-up during thinning and the ice contamination during transfer.

88. Tacke S, et al. , A Versatile High-Vacuum Cryo-transfer System for Cryo-microscopy and 
Analytics. Biophys J, 2016. 110(4): p. 758–65. [PubMed: 26910419] 

89. Klumpe S, et al. , A modular platform for automated cryo-FIB workflows. Elife, 2021. 10.

90. Buckley G, et al. , Automated cryo-lamella preparation for high-throughput in-situ structural 
biology. J Struct Biol, 2020. 210(2): p. 107488. [PubMed: 32126263] 

91. Dubochet J, et al. , Cryo-electron microscopy of vitrified specimens. Q Rev Biophys, 1988. 21(2): 
p. 129–228. [PubMed: 3043536] 

92. Mahamid J, et al. , A focused ion beam milling and lift-out approach for site-specific preparation 
of frozen-hydrated lamellas from multicellular organisms. J Struct Biol, 2015. 192(2): p. 262–9. 
[PubMed: 26216184] 

93. Parmenter CD, et al. , Making the practically impossible “Merely difficult”--Cryogenic FIB lift-out 
for “Damage free” soft matter imaging. Microsc Res Tech, 2016. 79(4): p. 298–303. [PubMed: 
26875988] 

94. Rubino S, et al. , A site-specific focused-ion-beam lift-out method for cryo Transmission Electron 
Microscopy. J Struct Biol, 2012. 180(3): p. 572–6. [PubMed: 23000702] 

95. Schaffer M, et al. , A cryo-FIB lift-out technique enables molecular-resolution cryo-ET within 
native Caenorhabditis elegans tissue. Nat Methods, 2019. 16(8): p. 757–762. [PubMed: 31363205] 
·· Using cryo-FIB lift-out on bulk specimen, here a C. elegans worm, the authors expand on 
previous preparations of cells using lift-out approaches.

Guaita et al. Page 12

Curr Opin Struct Biol. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



96. Zachman MJ, et al. , Site-Specific Preparation of Intact Solid-Liquid Interfaces by Label-Free 
In Situ Localization and Cryo-Focused Ion Beam Lift-Out. Microsc Microanal, 2016. 22(6): p. 
1338–1349. [PubMed: 27869059] 

97. Kelley K, et al. , Waffle Method: A general and flexible approach for improving throughput in 
FIB-milling. Nat Commun, 2022. 13(1): p. 1857. [PubMed: 35387991] ··The authors address 
frequently encountered challenges in cryo-ET sample preparation, such as preferential orientation 
and low cryo-FIB milling throughput, by developing the Waffle method as an alternative to 
cryo-liftout.

98. Frangakis AS, et al. , Identification of macromolecular complexes in cryoelectron tomograms of 
phantom cells. Proc Natl Acad Sci U S A, 2002. 99(22): p. 14153–8. [PubMed: 12391313] 

99. Lucas BA, et al. , Locating macromolecular assemblies in cells by 2D template matching with 
cisTEM. Elife, 2021. 10.· The authors benchmark the sensitivity and accuracy of 2DTM via 
comparison with 3D template matching of tomograms. As part of the cisTEM software package, 
the authors present a GPU-accelerated advancement in 2DTM that speeds up computation and is 
more accessible than prior versions due to a user-friendly graphical user interface.

100. Rickgauer JP, Grigorieff N, and Denk W, Single-protein detection in crowded molecular 
environments in cryo-EM images. Elife, 2017. 6.

101. Grant T, Rohou A, and Grigorieff N, cisTEM, user-friendly software for single-particle image 
processing. Elife, 2018. 7.

102. Lucas BA, et al. , In situ single particle classification reveals distinct 60S maturation 
intermediates in cells. bioRxiv, 2022: p. 2022.04.10.487797.

Guaita et al. Page 13

Curr Opin Struct Biol. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Overview of advances in SPA cryo-EM and cryo-ET.
SPA cryo-EM panel, A typical workflow includes sample extraction and purification from 

a recombinant or native source such as tissue followed by vitrification by plunge freezing. 

Vitrification sub-panel (A). Alternative vitrification methods such as spraying-mixing (B), 

mixing-spraying (C), and light time-resolved cryo-EM (D) facilitate the capture of short-

lived states. After vitrification, the specimen can be imaged. Cryo-ET panel, Panels on the 

left outline a general workflow. Cells can either be vitrified by plunge freezing or, like small 

amounts of tissue, by high-pressure freezing. If the specimen is thin enough and the location 

of the molecule of interest is known, it can be imaged without further processing. Finally, 

particles are either identified manually and, potentially, with 3DTM or using 2DTM. Panels 

on the right outline optional techniques. Live-cell fLM is used to monitor the expression and 

stage of the sample to determine the optimal timepoint for vitrification. After vitrification, 
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cryo-fLM can be leveraged to identify the locations of fluorescently-tagged molecules of 

interest to guide subsequent milling using a cryo-FIB for immediate image acquisition.
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Table 1.

Overview of the challenges and new breakthroughs in the available time-resolved cryo-EM approaches.

Spraying-mixing Mixing-spraying Light-based time-resolved cryo-EM

Sample types Small molecules Small and large molecules Photo-reactive and caged ligand-
binding molecules

Challenges Mixing by diffusion, distribution 
across the grid, ice thickness, speed Reproducibility, affordability Versatility, beam-induced heating of 

the sample

Technological 
advances

Devices coupling a dual sample 
sprayer, self-wicking grids and 
plunge-freezer

Easy-to-build and affordable devices 
coupling a microfluidic chip, sample 
spraying and plunge-freezer

Devices coupling sample irradiation 
and plunge-freezing

Different time-resolved cryo-EM methods are better suited to resolve time-sensitive reactions of different specimens (row 1). Only small molecules 
efficiently mix by diffusion on grids with the spraying-mixing technique, while mixing-spraying is applicable to reactants of small and large 
size. Light-based time-resolved cryo-EM is limited to light-sensitive specimens or light-sensitive caged molecules. The long-lasting difficulties 
imposed by the sample preparation as well as the access to and reliability of the time-resolved cryo-EM devices (row 2) are addressed by recent 
technological innovations (row 3) that largely automate this process.
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