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Time Resolved Cryo-Correlative Light and Electron

Microscopy

Gréta V. Szabo and Thomas P. Burg*

Complex materials exhibit fascinating features especially in situations far from
equilibrium. Thus, methods for investigating structural dynamics with
sub-second time resolution are becoming a question of interest at varying
spatial scales. With novel microscopy techniques steadily improving, the
temporal and spatial limits of multiple imaging methods are investigated with
an emphasis on the important role of correlative imaging and cryo-fixation. A
deep-dive is taken into cryo-correlative light and electron microscopy (CLEM)
as a starting point for multimodal investigations of ultrastructural dynamics
at high spatiotemporal resolution. The focus is on highlighting the different
microscopy methods that capture the following key aspects: 1) samples are as
close to native state as possible 2) dynamic process information is captured,
3) high structural resolution is enabled. Additionally, the size of samples that
can be imaged under these conditions is looked at and approaches not only
focusing on single molecules, but larger structures are highlighted.

under vacuum laid the foundation for
the field of electron cryomicroscopy
(crtyo-EM). Some of these methods are
increasingly adopted by materials sci-
entists, for example to investigate the
structure of solid-liquid interfaces in bat-
tery research and catalysis, or to reveal
the morphology of organic nanoparticles.

Understanding the transformations and
intermediate states far from equilibrium
is often of great interest. Such investi-
gations are enabled by two approaches,
which may be combined: First by contin-
uous live imaging and second by using
time resolved methods to prepare and sta-
bilize transient states. In light microscopy
(LM), dynamic, or live imaging, is routine.

1. Introduction

Microscopic observations provide valuable insight into the spa-
tial structure of complex materials. As microscopy with photons,
charged particles, and mechanical probes reaches new heights of
sensitivity and resolution, sample preparation plays an increas-
ingly critical role. Soft materials and materials comprising light
elements are sensitive to damage and often provide low intrinsic
contrast. For decades, cell and structural biologists have perfected
imaging techniques for such fragile specimens with astonishing
success. The discovery that vitrification in cryogenic liquids can
preserve the native structure of biological samples for imaging
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Super-resolution LM (SRLM) techniques

like Stimulated Emission Depletion

microscopy (STED), Stochastic Optical
Reconstruction Microscopy (STORM), Photoactivated Localiza-
tion Microscopy (PALM), structured illumination microscopy
(SIM) and Minimal photon FLUX microscopy (MINFLUX) allow
for spatial resolution far below the Abbe limit of 100 nm. How-
ever, time resolution is limited by the rate of photon collection,
which is constrained by photophysics and by the photochemical
degradation of dyes under intense illumination. Thus, imaging
wide fields at high resolution can take multiple seconds to min-
utes. Other methods, like atomic force microscopy (AFM) do not
need fluorescent probes, but they only provide topographic im-
ages. Electron microscopy (EM) provides spatial resolution down
to the Angstrom-scale, but conventional EM is limited to imaging
static objects.

To enable dynamic structural imaging with high resolution,
some exciting developments are underway. In one approach,
samples are enclosed in vacuum-tight, electron transparent gas
or liquid cells, which can be introduced directly into electron
or X-ray beams. This method has intriguing potential for imag-
ing non-equilibrium processes. Several excellent reviews have
tracked the latest developments in this field.['?]

In another approach, which is exemplified by dynamic CLEM,
a process is first observed and/or triggered dynamically, e.g. dur-
ing live imaging in the light microscope (LM). Then a state
is fixed after a set delay and imaged at high resolution in
the electron microscope (EM). The mode of fixation plays a
crucial role. Chemical fixation and cryofixation are available.
Chemical fixatives are routinely used in biological microscopy
to preserve cells for imaging. However, chemical fixatives are
often cytotoxic and deform the ultrastructure by dehydration
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Supporting Information and cross-linking.l}] Cryofixation pro-
vides outstanding structural preservation when cooling is per-
formed at a high enough rate to avoid ice crystallization. Yet, this
process, which is also known as vitrification, is technically more
complex than chemical fixation and requires sophisticated instru-
mentation.

There have been several recent reviews on different aspects
of cryo-CLEM. Focus of these is often around cryo-preparation
methods,*® gaps and advances in cryo-EM, including some as-
pects of temporal dynamics(®1% review on cellular process inves-
tigation in native state,'"!2] or review of opportunities of correl-
ative EM or ET.['3%] These all show the growing interest in cryo-
CLEM over the last years.

The aim of this perspective is to deep-dive on the current state
and future prospects of dynamic cryo-CLEM methods, decipher-
ing its temporal resolution limits, as well as highlighting gen-
eral limitations and future opportunities. First, an overview on
methods available for dynamic imaging and their prominent use
cases is given. The second part focuses on methods for imaging
dynamic processes and their spatiotemporal limits through novel
correlative methods we consider most promising (not exclusively
cryo-CLEM approaches). We discuss current limitations given by
different cryo-fixation methods on nativity, sample size, and cool-
ing rates. In the third section, dynamic cryo-CLEM approaches
we consider as very promising for future biological observations
are clustered along six promising methodologies: a) conventional
cryo-CLEM. D) rapid sample transfer. c) triggered stimulation.
d) chemical fixation of sample during observation. e) cryo-arrest
under observation from stable warm equilibrium to stable cold
equilibrium. f) cryo-arrest under observation, from unstable
warm equilibrium to stable cold equilibrium. We discuss the
principles, spatiotemporal boundaries, advances, and limitations
of each of the methods in depth.

2. In Situ Imaging at High Spatial and Temporal
Resolution

Conventional light microscopy can image dynamics at video
rates (tens to hundreds of frames per second), with limita-
tions mainly imposed by image brightness and detector sensi-
tivity (Figure 1A — yellow cell sample). Spatial resolution is lim-
ited by the Abbe diffraction limit to a few hundred nanometers
(d= ﬁ where A is the wavelength, n - sin a the numerical
aperture).l'%! To observe dynamic processes with higher spa-
tiotemporal resolution in the far field using visible light, novel
SRLM techniques need to be employed. For example, STED,
PALM, STORM and SIM super-resolution techniques all pro-
vide spatial resolution in the ~#10-100 nm range. Temporal res-
olution, on the other hand, varies widely. Through methods like
MINFLUZX, the times necessary for pinpointing single molecules
with nanometer precision can be reduced to hundreds of mi-
croseconds, and with novel SIM techniques!’’!°! or large-scale
parallelization,?° tens to hundreds of micrometer large fields of
view have been imaged at video rates. Despite these advances,
imaging wide fields of view will often push the time resolu-
tion to the range of seconds, due to the limited photon flux, fi-
nite blinking rates, and/or finite activation times of fluorescent
molecules?1-2]

Adv. Funct. Mater. 2024, 34, 2313705 2313705 (2 of 8)

www.afm-journal.de

Other methods, like atomic force microscopy (AFM), (soft) X-
ray imaging or liquid cell electron microscopy (LCEM) allow in-
vestigations at nanometer resolution without fluorescent labels.
However, AFM can only be used on surfaces that are directly ac-
cessible to nanomechanical probes. In addition, probe-sample
interactions may interfere with the system unless it is fixed or
frozen. Using X-rays also enables nanoscopy by pushing the Abbe
limit further than visible light. Soft X-rays are specifically inter-
esting for live cell imaging due to a theoretical diffraction limit in
the scale of a few nanometers combined with tens of micrometers
penetration depth and useful absorbance contrast in biological
samples and soft materials.[**! The high doses needed to image
aqueous samples, however, may cause sample toxicity or struc-
tural changes.[?) LCEM is a technology that allows observation
of aqueous samples with EM by encapsulating probes into small
sample holders in their aqueous state. While promising for many
applications, in situ EM like X-ray imaging requires great atten-
tion to detail and high-quality controls to rule out artefacts due to
the intense ionizing radiation.[?! Especially with prolonged illu-
mination times, sample toxicity increases and sub-structures can
be destroyed.?””] Moreover, temporal sampling issues and mo-
tion blur need to be considered. Thus, while super-resolution mi-
croscopy, AFM, X-ray microscopy, and LCEM enable powerful dy-
namic observation with high spatial resolution, all these methods
also possess limitations. Therefore, it is interesting to consider
precision-timed fixation in some situations as an alternative for
obtaining dynamic information.

Below, we will discuss dynamic CLEM to illustrate the case.
The combination of dynamic (i.e., live) LM and EM is highlighted
as one representative of a wider class of correlative analytical
methods to investigate both the kinetics and the intermediate
states of a system. For example, cryo-EM can reach a spatial res-
olution of tens of Angstroms with spherical aberration correc-
tion and direct electron detectors, but cryo-EM does not allow for
dynamic imaging by itselfl?! (Figure 1B). We use the term dy-
namic correlative light and electron microscopy (dynamic CLEM)
to emphasize a combination of LM and EM by which live imag-
ing is performed just before, and sometimes up to, the exact
time of fixation to fill this gap. The precise synchronization of
an applied trigger or stimulus and fixation can sometimes pro-
vide additional dynamic insight. If the experiment is repeated
with different delays, a time course can be reconstructed, po-
tentially with millisecond temporal resolution, as will be detailed
later (Figure 1C). For biological samples, the approach can be ad-
vantageous by highly limiting sample toxicity. In materials sci-
ence, it provides an interesting complement to LCEM. For exam-
ple, time resolution matters greatly in research on crystallization
processes, new battery materials, or investigations of the inter-
mediate states of electrocatalysts.!'>] However, the confines of an
EM liquid cell holder can sometimes be too narrow to incorporate
such systems into LCEM, even in a minimal form.

3. Fixation of Biological and Soft Materials for
Electron Microscopy: Principles and Limitations

There are three broad categories of preparing biological and soft
materials for the electron microscope: native state (no fixation),
chemical fixation, and numerous variants of cryo-fixation. Taking
a brieflook at these is essential to understanding the possibilities
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Figure 1. A) Typical spatiotemporal resolution and sample nativity for microscopy techniques with examples: Diffraction limited fluorescence microscopy
(=10 ms, ~500 nm),[3%] Native state techniques (with yellow cell) Super-resolution light microscopy — entire image, not single molecule: STED (35 ms,
62 nm),[2172] PALM (3 s, ~10 nm),[2"73] STORM (3 s, 60 nm),[23] SIM (=1 ms, 60 nm),["! (Soft)-X-ray (~min, ~100 nm),[3273] Liquid cell electron
microscopy (LC-EM) (3 s, 35 nm),[26.76] Atomic force microscopy (AFM) (=80 ms, ~2 nm),3374 MINFLUX (0.1 ms (for single fluorophore tracking)
— 40 min (for image), 1-3 nm);[34] Dynamic cryo-EM techniques: a) conventional cryo-CLEM (>10s, ~nm),[3] b), rapid sample transfer from light
microscope to cryo-arrest device (~4s, ~nm),[3¢] ¢) triggered stimulation and rapid cryo-arrest (10 ms, ~nm),371 d) fixation of sample while observa-
tion, later cryo-substitution and cryo-EM (700 ms, ~nm),[%77] e) cooling of sample from stable warm equilibrium to unstable cold equilibrium (1 ms,
80 nm),[33] f) cooling of sample from unstable warm equilibrium to stable cold equilibrium (5 ms, ~nm)[*°] Details in table in appendix. B) Number of
publications on correlative cryo-electron microscopy based on full text searchl#?l C) Schematic principle of methods for dynamic process observation
for cryo-CLEM, current best experimental dynamic temporal resolutions achieved a) tracing back dynamics by correlating (cryo)-LM with (cryo)-EM:
timescales of minutes.[*"] b) rapid sample transfer from live LM to sample cooling (e.g., high-pressure freezer or plunge freezer) and cryo-EM.[3®] ¢)
triggered (e.g., light, electrical, chemical) stimulation and rapid cryo-arrest of sample.l*?] d) chemical fixation of sample during observation.®] e) Cryo-
arrest of sample during observation, from warm equilibrium state to cold equilibrium state using highly thermally conductive materials.[38] f) Cryo-arrest
of sample during observation, from warm non-equilibrium state to stable cold equilibrium state.[3°!

for dynamic observation. It should be noted that in this perspec- First, as described in more detail above, real-time imaging
tive we focus on the aspects of fixation without differentiating for = of hydrated biological/soft materials at room temperature in
which type of electron microscopy (SEM, TEM, STEM, FIB/SEM,  the electron microscope is possible through liquid cell tech-
etc.) samples are destined. The key aspects of vacuum compati-  niques, but the high electron dose leads to sample toxicity and
bility, electron transparency/accessibility, and radiation hardness  deformation,[!®2® Thus, the second and perhaps most widely
are similar in all cases. used approach is to stabilize samples using chemical fixation.
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Table 1. Overview of sample thickness and cooling rate. Freezing through submerging in cold liquid: experimental data from,[*34°] theoretical bound-
ary from;[3% Freezing through moving sample to cold surface: Experimental data from,[>'] theoretical boundary from!32] (sample size based on 40 pl
droplets); freezing through turning off heating with cold sink below sample: experimental data from,[33] theoretical boundary from;[** sudden cooling
of sample holder: data from;[38] high pressure freezing: experimental data from,[>*] theoretical boundary from.[>¢]

Cooling type Cryo-fixation method (e.g.,)  Exp. max. Cooling Ice conditions Theo. max Cooling Simulation conditions ~ Sample thickness
thicknesslum]  ratelK s™'] thicknesslum]  ratelK s™] ratio
In fluid Submerging in cold liquid ~ ~<0.1-1 - 3-5 nm ice crystal ~0.2 108-10""  Cooling of water between
(plunge-, spray-freezing) formation two ethane layers
On surface Moving sample to cold 10-30 8.5-55x 10* Ice micro-crystals at ~30 0.72— 40 um droplet sizes on cold
surface (slam freezing, 12-30 um depth 2.2 x 10* surface
super flash freezing)
Turning off heating with ~20 2x10*  Some crystals in EM ~15 10°-10°  Microfluidic layer of 0.5 to
cold sink below sample and cryoprotectants 5 um between heater and
(microfluidic freezing) cells
Sudden cooling of sample ~50 0.4-1.2x 10* No visible ice crystals ~ ~13-50 10*-10° Middle of 100 um thick
holder (cooling of heat in LM sample on diamond
exchanger)
With High pressure freezing ~200-600 5% 102~ 10-15 nm ice crystal ~200 1-6 x 10° Slam freezing 200 um z
pressure 5% 103 formation depth at 210MPa

Though many chemical fixatives exist — physical agents (e.g.,
heat), aldehydes (e.g., formaldehyde, glutaraldehyde), coagulants
(e.g., methyl alcohol), oxidizing agents (e.g., osmium tetroxide),
and others — they are cytotoxic to different degrees or deform
the ultrastructure of cells.l? The third approach, which has been
gaining widespread popularity with the emergence of cryo-EM,
is vitrification with or without the use of cryoprotectants. Vitrifi-
cation, i.e., the solidification of a liquid in a glassy, amorphous
structure, occurs when the substance is cooled rapidly below its
glass transition temperature. For pure water, the homogeneous
ice nucleation temperature at atmospheric pressure is T, ~ 235
K, and vitrification happens below the glass transition tempera-
ture of T, ~ 136 K.’ The critical cooling rates can be calculated

through CCR = A—f .

The critical coofing rates (CCR) for pure water have been theo-
retically estimated to lie between 3 x 10%4] and 1 x 10%° K s71.1#4]
Although such extreme rates cannot usually be attained experi-
mentally, vitrification can still be achieved in many biological and
synthetic samples of great relevance. In biological specimens,
this is possible because one does not deal with pure water but
with solutions containing electrolytes and biomolecules that pro-
vide some cryoprotection themselves. Cells, in addition, seem to
have a tolerance for small ice nucleation (<1 um),*’! even though
possible long-range artefacts introduced by seemingly localized
crystallization require careful consideration on a case-by-case ba-
sis. Taking into account these observations, estimates have been
made that CCR ~ 10* K/s are necessary.

There are different ways of cooling down samples. The most
frequently used one is plunge freezing, where a thin layer of a
liquid sample on a TEM grid is plunged into liquid ethane. The
sample thickness with this approach is in practice limited to be-
tween ~100 nm and a maximum of ~1 pum to allow for suffi-
cient cooling rates (Table 1). The second cluster of approaches
uses contact to cold surfaces instead of cold liquids. Approaches
vary from printing on cooled surfaces, active heating of the sam-
ple against a cold heatsink and ultrarapid cooling of the sample
holder with the samples already on it. While the methods do vary,

Adv. Funct. Mater. 2024, 34, 2313705 2313705 (4 of 8)

a universal limitation of these techniques remains that vitrifica-
tion is attainable only for samples up to a maximum thickness
on the order of 10 pum, at least in aqueous systems (Table 1). To
vitrify thicker samples, either cryo-protectants need to be used,
or the sample needs to be frozen at high pressure. Cryoprotec-
tants decrease the rate requirement for cooldown, but they also
influence the nativity of samples. High pressure freezing (HPF)
at 2000 bar relaxes the critical cooling rate without cryoprotec-
tants to ~#10* K s7! and allows for increased sample thickness in
the range of a few hundred micrometers (Table 1).

While there are clear advantages to high-pressure freezing,
such as the increased permissible sample thickness and size
without the use of additional cryo-protectants, perfect ultrastruc-
tural preservation is not guaranteed. For example, it has been ob-
served that the local continuous twist between some molecules
is modified, long-range cholesteric stratification disappears, and
the characteristic macro ripple-phase of two-component lipo-
some systems is drastically changed,*64]

In conclusion, samples ranging from ~100 nm to ~#100 um can
be cryo-fixed with different methods providing good structural
preservation without cryoprotectants. Plunge freezing is suitable
for samples 100 nm to 1 pm thick. Slam freezing samples on
cryogenically cooled surfaces can produce well-preserved sam-
ples ~10x thicker, in the range of 10 um. Finally, HPF can pre-
serve the ultrastructure of samples that are thicker yet by a factor
of ten, reaching into the regime of ~100 um. (Table 1). These
considerations should be kept in mind, when further evaluating
cryo-CLEM approaches and their potential.

4. Dynamic CLEM Techniques

Being able to arrest dynamic processes with high timing accu-
racy and precision can offer an attractive solution when true real-
time imaging is not feasible for the described reasons. Especially
dynamic cryo-CLEM methods, which combine pre-fixation live
imaging with time-resolved cryo-fixation, are promising due to
their superb structural preservation and the rapid, homogeneous
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arrest of dynamics throughout the sample by ultra-rapid cooling.
We propose to classify dynamic CLEM methods into six unique
groups. These are given below, with the theoretical idea, current
best results, and application perspectives (Figure 1C).

a)

Conventional cryo-CLEM: Correlation of light microscopy
and electron microscopy of cryogenically frozen samples is a
fast progressing field. First approaches to obtain dynamic in-
formation relied on the identification of discrete states based
on the morphology of the fixed object. For example, phase
changes between growth and shrinkage of microtubules have
been observed in this manner.*’] Since then, the use of cryo-
CLEM has vastly expanded (Figure 1B) and many groups
started to work on enhanced localization of areas of inter-
est (e.g., through correlative lamellae preparation) and on
closing the temporal gap between light microscopic obser-
vation, cryo-arrest and cryo-EM using rapid transfer and in
situ techniques®#-%%1 Without these, however, dynamic cryo-
CLEM is limited to relatively slow processes with typical
timescales in the range of minutes with well-characterized
morphologies.

Rapid sample transfer: The first approaches to not only corre-
late, but to capture specific events occurring live in the light
microscope focused on rapid sample transfer by moving the
sample from the light microscope quickly to a cryofixation de-
vice. The rapid transfer system developed by Verkade et. al.
for high-pressure freezing (HPF) marked a milestone in this
field. Dynamic processes, such as the fusion of multivesicu-
lar bodies, could be observed live in the light microscope and
relocated later in the EM with an effective time lapse of x4 s
between live imaging and HPF.*] Rapid transfer in ~1 s is
nowadays possible with the latest generation of HPF technol-
ogy, for example the Leica ICE and the CryoCapCell Live .
Koning et al. attained a similar time resolution by rapid trans-
fer to plunge freezing with a system known as MAVIS.[61.62]
The theoretical limits of rapid sample transfer are close to
being reached in these configurations, considering practical
bounds on mechanical acceleration, and blotting or pressur-
ization, respectively.[®?]

Triggered stimulation and cryo-arrest without observation:
Triggered cooling of the sample differs from the previous
method, since the sample is not directly observed. By using a
timed stimulus (e.g., optical, electric, or chemical signal), a dy-
namic process or function initiated by this signal can be nar-
rowed down precisely. The key here is that simple trigger sig-
nals are more easily integrated directly into plunge freezing
or HPF systems than full-featured light microscopic observa-
tion. First approaches started with electrical stimulation and
sudden immersion in chemical fixative or cooling to observe
synaptic vesicle exocytosis.[®%] More recently the method has
evolved toward using optical or optogenetic signals, allowing
to reach temporal resolution of up to ~10 ms in high-pressure
freezers,[¥7426667] and up to 70 ms with plunge freezers.(°!
Drawbacks of the method are mainly two-fold: the necessity
of the process to be triggered and the lack of prior observation.
However, many biological processes, such as membrane traf-
ficking in synapses can be specifically targeted and activated
by optogenetics or electrical stimulation, making the method
attractive for such applications. Devices that enable triggered
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stimulation inside high-pressure freezers are now commer-
cially available and have already led to many new discoveries
mainly in the field of neuroscience.

d) Time-resolved chemical fixation: Dynamic processes that can-
not be triggered at a precise time can sometimes be slowed
down or stopped in a well-defined state by chemical cross-
linking. However, for imaging at the nanometer scale, fixa-
tion artefacts are a significant concern. Recent studies show
that most fixatives such as formaldehyde create distinct dis-
placement of proteins and lipids, including their loss from
cells and that the full fixation process can take 4-60 min.[*!
Nevertheless, the possibility of following the process continu-
ously with light microscopy can add substantial insight if the
dynamics and size of the system are on the right scale. For ex-
ample, Stepanek and Pigino employed this approach to great
advantage to capture the direction of intraflagellar transport
with total internal reflection fluorescence microscopy (TRIF)
and to correlate this information with the ultrastructure using
room temperature electron microscopy.l®) These approaches
show great potential to observe highly dynamic processes in
the ~500 ms range, where targeted stimulation of the process
is not possible, but observation is required to functionally cor-
relate EM images.

The idea of observing the sample cooling process itself with
high temporal resolution would allow the finest temporal dy-
namics to be captured. With conventional methods for cryo-
arresting samples, such as plunge-freezing, slam-freezing, or
high-pressure freezing, the integration of a microscope and the
observation of the process however become increasingly chal-
lenging. Therefore, different freezing approaches have been de-
veloped to allow for the integration of a light-microscope.

e) Cryofixation with observation by shifting the equilibrium tem-
perature: The approach consists of rapidly immerging the
sample into or spraying it with a cryogenic fluid (e.g., lig-
uid nitrogen) to effect rapid cooling from room temperature.
The shift in thermal equilibrium is subsequently sustained
by complete immersion in the cryogen. One advantage of us-
ing jet or spray freezing over plunging is that superior cool-
ing rates are attainable due to the thinly squeezed thermal
boundary layer.”"! This is primarily a concern for biological
samples. A second advantage of jet freezing is that it can
work for larger, more complex sample carriers than bare TEM
grids. For example, Huebinger et al. showed that a liquid ni-
trogen jet directed at a diamond heat sink can be used for cryo-
arresting cells in an epifluorescence microscope.[*¥! How-
ever, sample extraction to perform cryo-EM imaging has not
yet been shown. The difficulty is symptomatic for a broader
challenge in dynamic cryo-CLEM. Microscopic environments
are needed that can 1) accommodate a close-to-native room-
temperature model for the system of interest, 2) possess ther-
mal time constants in the millisecond range, and 3) are elec-
tron transparent or can be made so using standard cryo-TEM
and cryo-SEM preparation techniques.

f) Cryofixation with observation by collapse of a warm non-
equilibrium state: Another concept for observation of the
cryofixation process itself is pre-cooling the setup to cryo-
temperatures, while actively heating the sample to room tem-
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perature. Then, with termination of the active heating, the
thermal energy that is stored in the sample can be quickly
depleted to a stable state, with millisecond duration of the
transient and sub-millisecond time resolution for the time of
cryo-arrest,[3>7!] As the cold state after cryo-fixation is the only
stable equilibrium, the heater can, in principle, be turned on
or off to produce warm-to-cold and cold-to-warm transitions
with symmetric transients. However, active temperature reg-
ulation in the warm state is required. Sample extraction for
cryo-EM has been achieved by FIB/SEM after lifting the sam-
ple off the inactive heater in a cryostat.

5. Outlook

There is a rapid growth in super resolution light microscopy and
in electron microscopy techniques focusing on increased spa-
tial resolutions. However, the dynamic nature of biological and
other soft materials is pushing the limits of traditional sample
preparation. We have investigated the current spatial and tem-
poral limits of precision correlation between rapid perturbations
and ultrastructural changes. In conclusion, the combined use of
triggered and/or observed rapid cryofixation with electron mi-
croscopy fills a critical gap. While conventional in situ electron
microscopy provides the most precise temporal and spatial cor-
relation between structure and dynamics, additional methods are
needed due to radiation sensitivity, lack of electron transparency,
or insufficient vacuum compatibility of some systems. Promi-
nent examples include biomaterials, battery materials, and or-
ganic nanoparticles, to name a few. For these applications, rapid
fixation may sometimes offer an attractive compromise between
dynamics and high-resolution structure. Among the possible fix-
ation techniques, cryofixation is unique in that it works indepen-
dent of the chemistry of the system under study. A limitation,
however, is that only relatively thin samples can be preserved
well.

Which applications may benefit from the advances in dy-
namic cryo-CLEM? First, many dynamic cellular processes at
membranes, such as drug delivery, cell-to-cell-communication,
or synaptic transmission involve ultrastructural dynamics on a
millisecond timescale. Other aspects of rapid cellular dynam-
ics on a sub-second timescale include intracellular transport
processes, motility, and the rapid assembly of immunological
synapses. Understanding the impressive interplay of molecular
machines behind these complex processes is still an intensive
matter of research. A second area is the growing field of bioma-
terials at the interface between synthetic, cell, and structural biol-
ogy. For example, understanding controlled fission and fusion of
membranes at a structural level will help to reconstitute similar
functions in minimal artificial cells and organelles. This would
be of great interest for applications in biotechnology and medi-
cal therapeutics. Methodological advances in sample preparation
will allow such processes to be studied more precisely with ad-
equate temporal sampling. In particular, this may help to better
quantify their kinetics and to discover very short-lived intermedi-
ate states under native conditions.

In materials science, dynamics at the ultrastructural level
is also of growing interest, for example for understanding
the kinetics of dendrite formation in batteries, nanoparticle
growth/dissolution, aggregation phenomena, drug release, and
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the structural dynamics in soft materials such as gels. More than
in biology, characterizing technical devices under operating con-
ditions will require application-specific interfaces. While visual
access is often needed, e.g. for microscopy, optical spectroscopy,
or photocatalysis, the samples in materials science are not al-
ways transparent to visible light. At the same time, a variety of
other physical interfaces, such as electrical connections, liquid
or gas purging, and precision temperature control may need to
be provided. A current frontier therefore is the development of
application-specific multimodal testbeds for in situ EM and dy-
namic cryo-CLEM workflows.

When this is accomplished, a challenge affecting all applica-
tions is to expose locations of interest inside the frozen sample.
The only exception are samples prepared by plunge freezing or jet
freezing on TEM grids, which are already thin enough for cryo-
TEM and cryo-STEM. Thicker samples require further prepara-
tion. Until the advent of cryo-focused ion beam milling (cryo-
FIB), only ultramicrotomy and freeze fracture were available for
exposing interior surfaces deep inside such bulky samples. How-
ever, cryo-FIB milling using conventional Gallium-ion beams is
an option only if the region of interest is no more than a few
micrometers from the surface. An exciting new development is
therefore the emergence of a new generation of plasma-FIB (p-
FIB) tools, which achieve drastically higher ablation rates than
Gallium-ion FIB. Using p-FIB under cryogenic conditions opens
a new perspective for analyzing specimens prepared by dynamic
cryo-CLEM inside tens of micrometer thick microenvironments
that are visually accessible and incorporate interfaces for complex
interactive experiments.

With this in mind, we believe that a seamless integration of
live imaging, sample manipulation, and rapid cryofixation into
existing EM/TEM workflows will enable broader use and lead to
new scientific discoveries in biology and materials science.
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