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Abstract: The large number of interactions in nanoscale systems leads to the emergence of complex behavior.
Understanding such complexity requires atomic-resolution observations with a time resolution that is high
enough to match the characteristic timescale of the system. Our laboratory’s method of choice is time-resolved
electron microscopy. In particular, we are interested in the development of novel methods and instrumentation
for high-speed observations with atomic resolution. Here, we present an overview of the activities in our laboratory.
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1. Introduction
Structure and dynamics are the most fundamental concepts of
chemistry, and the nature of the chemical bond[1] and its dynamics[2] ultimately determine the properties of molecules. However,
despite our understanding of these concepts, the multitude of interactions present in large systems frequently leads to an overwhelming complexity.[3] Proteins exemplify the emergence of
complex behavior at the nanoscale. Given the huge number of
degrees of freedom present in these large molecular systems,
predicting their behavior has remained a daunting challenge.[4]
Understanding the function of proteins and the dynamics of complex systems in general thus requires experimental approaches
that allow observations with atomic spatial resolution as well as
a temporal resolution that matches the characteristic timescale of
the system.
Our laboratory’s method of choice for studying the behavior
of complex nanoscale systems is electron microscopy, which in
recent years has undergone several revolutions. A number of technical innovations have improved the performance and resolution
capabilities of electron microscopes, among them field emission
guns, which generate very bright and coherent electron beams
and thus fundamentally improve how much information can be
obtained.[5–9] The introduction of novel electron cameras has enabled observations with higher frame rates and with improved
sensitivity.[10,11] This has also accelerated a true revolution in
cryo-electron microscopy (cryo-EM),[12–14] which now appears
set to become the preferred method in structural biology.[15] In
situ electron microscopy has enabled observations of processes
in liquid phase[16] as well as processes occurring in response to
mechanical,[17] thermal,[18] electrical,[19,20] or optical[21] excitation.

Young ChemistrY Professors and ambizione fellows in switzerland

Given the small dimensions of nanoscale samples, some of these
processes occur on timescales much shorter than the time resolution of even the fastest electron cameras. Time-resolved electron
microscopy has enabled observations on such short timescales by
capturing specimen dynamics with short electron pulses.[22–25]
It is truly an exciting time to do electron microscopy – particularly because the recent introduction of such a wide range of new
technologies has created a large potential to further advance the
boundaries of what can be observed with an electron microscope.
Our laboratory has a particular interest in the development of novel methods and instrumentation for high-speed observations with
atomic resolution. In this account, we highlight recent innovations we have introduced to enable such observations of complex
nanoscale systems. Section 2 introduces fundamental concepts of
in situ and time-resolved electron microscopy and describes the
time-resolved electron microscopes that we have developed in our
laboratory. Section 3 illustrates an application of our instrument
to the in situ observation of the interaction of plasmonic nanoparticles with laser light. Direct observations allow us to elucidate
the long-debated mechanism of the femtosecond laser-induced
fragmentation of gold nanoparticles. In Section 4, we turn our
attention to the challenge of imaging fast dynamics at atomic
resolution. We present an approach for generating intense, highbrightness electron pulses that enable atomic-resolution observations on the microsecond timescale. As an illustration, we show
that such pulses can be used to capture the thermally-induced
transformations of perovskite nanocrystals on the microsecond
timescale. Finally, in Section 5, we describe a new approach to
microsecond time-resolved cryo-EM that we have developed in
our laboratory. By enabling atomically-resolved observations of
the dynamics of proteins, it promises to fundamentally advance
our knowledge of protein function.
2. Development of a Time-resolved Transmission
Electron Microscope with a Schottky Emitter
Time-resolved electron microscopy is a comparably young
field, with the instrumentation still undergoing active development.
The first step in establishing our laboratory therefore required us
to modify a conventional transmission electron microscope for
time-resolved experiments. This also gave us the opportunity to
tailor the instrument specifically to our vision. In particular, we
decided to modify a microscope with a so-called Schottky field
emission gun, a type of electron source that delivers one of the
brightest electron beams.[5–9] Since the beam brightness ultimately
determines how much information can be collected in a given
amount of time, using a high-brightness source is particularly beneficial for time-resolved experiments. As described in Section 4,
this is also crucial for the generation of intense, high-brightness
electron pulses for atomic-resolution imaging. Our laboratory has
modified two such transmission electron microscopes, and we are
currently setting up a third. In this section, we will briefly outline
the operating principle, which lays the foundation for the following sections.
Fig. 1a illustrates the operating principle of the modified JEOL
2200FS transmission electron microscope in our laboratory.[26] In
conventional operation, electrons are continuously emitted from
the Schottky emitter and accelerated to relativistic speeds. After
the electrons interact with the sample, magnetic lenses are used
to form an image or diffraction pattern, which is then recorded
with the electron camera. An energy filter located in the column
of the instrument serves to either select or discard electrons that
have undergone inelastic interactions, so as to provide additional
information about the sample or improve the image resolution.
In order to study dynamic processes, the sample is irradiated in
situ with a laser pulse (Fig. 1a, red), which enters the microscope
from the side and is reflected onto the sample by means of a mirror that we have installed above the upper pole piece of the object
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Fig. 1. Operating principle and characterization of a time-resolved electron microscope. (a) Sketch of the JEOL 2200FS transmission electron
microscope that we have modiﬁed for time-resolved experiments. The
sample laser (red) is used to initiate specimen dynamics. In a typical
in situ experiment, the evolution of the sample is then ﬁlmed with the
electron camera. Even shorter timescales can be accessed by probing
the dynamics with short electron pulses (green), which are generated by
illuminating the Schottky emitter with a UV laser pulse of nanosecond or
femtosecond duration (purple). (b) High-resolution image of the core of
a silica-coated gold nanoparticle, demonstrating the spatial resolution
capabilities of our instrument. The entire nanoparticle is depicted in the
top inset, with the diffractogram shown in the bottom inset. Scale bar,
2 nm, as well as 10 nm and 5 nm–1 in the insets. (c–e) Characterization
of the temporal resolution in a stroboscopic experiment with nanosecond electron pulses. Under irradiation with femtosecond laser pulses, a
gold nanoparticle emits a cloud of electrons, which causes the particle
outline to blur at positive time delays. The insets show difference micrographs, which are obtained by subtracting the micrograph recorded at
-2 ns. From this experiment, we determine an electron pulse duration of
1.3 ns. Scale bar, 100 nm. (Adapted from ref. [26].)

lens. In a typical in situ experiment, the structural evolution of
the sample in response to laser excitation is then filmed with the
electron camera. The speed of such observations is limited by the
frame rate of the camera, which is on the order of milliseconds.
In order to access even shorter timescales, we capture snapshots
of the sample with short electron pulses of nanosecond or even
femtosecond duration instead of observing it with a continuous
electron beam. Such electron pulses (Fig. 1a, green) are created
with the photoelectric effect by illuminating the emitter with a
short UV laser pulse (Fig. 1a, purple), while the continuous electron emission is suppressed.
The high-resolution capabilities of our modified microscope
are illustrated in Fig. 1b, which shows the core of a silica-coated
gold nanoparticle (top inset, 20 nm thick shell and 20 nm diameter core), as imaged with a continuous electron beam.[26] The
lattice fringes visible in the image result from the diffraction of
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the electrons at the atomic columns of the particle, with the fringe
spacings corresponding to the interatomic distances of gold (see
diffractogram in the bottom inset). This demonstrates that the
modifications of our microscope have preserved its atomic-resolution capabilities.
Fig. 1c–e illustrates an experiment to characterize the temporal
resolution of our instrument when imaging a sample stroboscopically with nanosecond electron pulses. The experiment makes use
of the fact that under irradiation with an intense femtosecond laser
pulse, a gold nanoparticle emits a cloud of electrons. At negative
times, i.e. when the nanosecond electron pulse precedes the femtosecond laser pulse, the border of the nanoparticle appears sharp
(Fig. 1c). In contrast, when the two pulses arrive at the sample
simultaneously, the particle outline broadens (Fig. 1d), since the
nanosecond electron pulse is deflected by the cloud of emitted electrons. This blurring is even more pronounced at positive times (Fig.
1e). It is highlighted by the difference images displayed in the insets, which are obtained by subtracting the micrograph recorded at
negative time. This experiment allows us to determine our electron
pulses have a duration of 1.3 ns. In order to probe dynamics that
unfold on even shorter timescales, we generate femtosecond electron pulses. Finally, Section 4 describes the generation of intense,
high-brightness electron pulses of microsecond duration that allow
us to capture atomic-resolution snapshots of irreversible processes.
3. In situ Observations of the Laser-induced
Fragmentation of Plasmonic Nanoparticles
In one of the first studies we undertook, we used the in situ
observation capabilities of our microscope to elucidate the mechanism of the femtosecond laser-induced fragmentation of plasmonic nanoparticles, which had long been debated.[27–29] Because of
their strong and tunable plasmonic absorption, gold nanoparticles
have found a wide range of applications, including in chemical and
biological sensors,[30,31] in catalysts,[32] for cancer treatment,[33,34]
and in solar cells.[35,36] Laser reshaping and fragmentation has long
been used to tune the optical properties of gold nanoparticles.[37,38]

For example, ultrafast laser pulses can be used to fragment gold
nanoparticles dispersed in water and generate fragments of 2–4
nm diameter, a size range that is otherwise difficult to synthesize.[27,37,39,40] However, in the absence of direct observations, the
mechanism of this process has remained a matter of debate.[27–29]
Both a thermal explosion[27,41] as well as a Coulomb explosion[39]
have been proposed to account for the observed fragmentation behavior. Moreover, near-field ablation[42] and shockwave-mediated
disintegration[43] have been considered. Using the microscope that
we have developed in our lab, we have been able for the first time
to directly observe the fragmentation process, which has allowed
us to elucidate the underlying mechanism.
We initially characterized the fragmentation mechanism of
gold nanoparticles enclosed in a silica shell,[21] a more tractable
model system that shares many similarities with the fragmentation process in water. Fig. 2a shows a micrograph of a typical
silica-coated gold nanoparticle with a 20 nm diameter core and
a 20 nm thick shell. Upon irradiation with 515 nm femtosecond
laser pulses at 20 kHz repetition rate, the gold core emits a small
particle (Fig. 2b). Under continued irradiation, further fragments
are ejected (Fig. 2c,d), each comprising approximately 30–200 atoms. These fragments finally coalesce into a larger mass (Fig. 2e),
which continues to grow (Fig. 2f,g), until it reaches a similar size
as the original core and begins to emit fragments itself (Fig. 2h).
Fragmentation clearly proceeds through the stepwise ejection of
progeny particles, an observation that contradicts mechanisms that
invoke an explosion into a large number of fragments. Curiously,
the ejection of fragments is highly directional and occurs preferentially along the laser polarization axis (double-headed arrow in
Fig. 2a). Moreover, fragmentation appears to involve the melting
of the gold core, whose shape fluctuates under laser irradiation.
Our observations suggest that the fragmentation mechanism
involves the Coulomb fission of the ionized, liquid gold core
(Fig. 2i–l). During ultrafast laser irradiation (240 fs), electrons
are emitted in the direction of the laser polarization, producing an
anisotropic buildup of negative charge in the silica shell (Fig. 2i).
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Fig. 2. Femtosecond laserinduced fragmentation of a silicacoated gold nanoparticle. (a–h)
A typical fragmentation process.
The gold core ejects fragments in
a stepwise manner, with ejection
occurring predominantly in the
direction of the laser polarization
(double-headed arrow). The fragments subsequently coalesce
into a second core. (i–l) Proposed
fragmentation mechanism. (i) The
femtosecond laser ionizes the
core. Electrons are emitted in the
direction of the laser polarization
and become trapped in the silica
shell. (j) The gold core melts and
undergoes Coulomb ﬁssion by
ejecting a highly charged progeny
droplet in the direction of the
patches of negative charge in the
silica shell. (k) Progeny droplets
accumulate and fuse together to
form a second core. (l) A dynamic
equilibrium is established as the
cores exchange droplets through
ﬁssion. (Adapted from ref. [21].)
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The gold core subsequently melts as electron–phonon coupling
heats up the lattice. The resulting ionized liquid gold droplet then
undergoes Coulomb fission by emitting a highly-charged progeny
droplet towards the negatively charged region of the silica shell, a
process which can be estimated to take about 100 ps[21] (Fig. 2j).
Continued laser irradiation causes further progeny particles to be
ejected, which then coalesce into a second core (Fig. 2k). As this
second core continues to grow, it begins to undergo fission itself,
and a dynamic equilibrium is slowly established in which the two
cores exchange progeny particles (Fig. 2l).
We subsequently studied the fragmentation of gold nanoparticles
dispersed in water, showing that the mechanism similarly involves
Coulomb fission, which is accompanied by other solution-mediated
processes.[44] As illustrated in Fig. 3a, we enclose a suspension of
gold nanoparticles in a microchip-based liquid cell,[45] which prevents evaporation of the liquid in the vacuum of the microscope.
Fig. 3b–f shows a typical fragmentation process that we observe
under irradiation with 515 nm femtosecond laser pulses at 10 kHz
repetition rate. The two particles in Fig. 3b can be seen to melt and
begin to eject several small fragments (Fig. 3c). Under continued

a)
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irradiation, the fragment particles grow in size (Fig. 3d) and begin
to fragment themselves (Fig. 3e,f). Progeny particles are ejected in
a stepwise manner, which is reminiscent of the fragmentation of
the core-shell particles and therefore suggests that the underlying
mechanism is Coulomb fission. Unlike for the core-shell particles,
however, ejection does not occur in a preferred direction.
Based on our observations, we proposed the following fragmentation mechanism (Fig. 3g–j). Irradiation with a femtosecond laser
(200 fs) ionizes the nanoparticle and ejects electrons in the direction
of the laser polarization (Fig. 3g). The solvated electrons quickly
diffuse away, so that an isotropic charge distribution is established in
the water before the next laser pulse arrives 100 µs later. Continued
laser irradiation ionizes the particle until it reaches the stability limit.
As it is melted by a laser pulse, it undergoes Coulomb fission by
emitting a charged progeny droplet in a random direction (Fig. 3h).
Under continued laser irradiation, complex fragmentation patterns
are created, and progeny particles undergo fission themselves (Fig.
3i). Finally, a state of flux is reached, in which repeated cycles of fission and fusion as well as solution-mediated etching and growth processes continuously reshuffle mass between the fragments (Fig. 3j).
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Fig. 3. Femtosecond laserinduced fragmentation of gold
nanoparticles in water. (a) Gold
nanoparticles suspended in water
are enclosed in a liquid cell and
are irradiated with femtosecond
laser pulses, while the fragmentation process is observed
with the electron beam. (b–f) A
typical fragmentation process.
Under laser irradiation, the gold
nanoparticles melt and eject
fragments in a stepwise fashion
without any preferred direction.
The ejected particles grow in
size and undergo fragmentation
themselves. (g–j) Proposed fragmentation mechanism. (g) The
laser ionizes the particle, and
electrons are emitted along the
direction of the laser polarization.
The solvated electrons quickly
diffuse away, so that an isotropic
charge distribution is established
in the water. (h) Under continued
laser irradiation, the particle is
ionized to the stability limit and
undergoes Coulomb ﬁssion, emitting a fragment in a random direction. (i) Progeny particles grow
and undergo ﬁssion themselves.
(j) Cycles of ﬁssion and fusion as
well as solution-mediated etching and growth processes create
complex, ﬂuctuating fragmentation patterns. (Adapted from
ref. [44].)
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Our experiments provide the most direct evidence to date of
the fragmentation mechanism of plasmonic nanoparticles under
femtosecond laser irradiation, highlighting the importance of the
direct observation of fast, nanoscale processes. Moreover, they
open up new avenues to elucidate the light-driven shape transformations of plasmonic nanoparticles.[46,47]
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4. Atomic-resolution Imaging with Intense, Highbrightness Electron Pulses
The time resolution of the in situ experiments presented in
Section 3 is limited by the frame rate of the camera, which is typically on the order of milliseconds. As discussed in Section 2, a much
higher time resolution can be obtained by imaging with short electron pulses. However, the increased temporal resolution has generally come at the expense of the available spatial resolution, so that
atomic-resolution imaging with short electron pulses has largely
remained elusive. For example, while it has been suggested that it
should be possible to image protein dynamics at atomic resolution
with single electron pulses,[48,49] the currently achievable spatial resolution of such single-shot experiments is limited to several nanometers. The difficulty here lies in generating electron pulses that are
intense enough to capture a sufficient amount of information, but
also coherent enough to record atomic-resolution images. This is
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particularly true in the study of irreversible processes, where the entire information has to be captured with just a single electron pulse.
We have developed a new approach for creating intense, highbrightness electron pulses that enable atomic-resolution imaging
with microsecond time resolution.[50,51] As illustrated in Fig. 4a,
we accomplish this by irradiating the emitter tip with a microsecond laser pulse. This temporarily heats it far above its safe
operating temperature and thus briefly boosts the emission current
to an extreme value[50] that otherwise cannot be sustained without
permanently damaging the emitter.[52,53] The laser-boosted electron beam is then chopped into pulses by means of an electrostatic
deflector that we have added after the accelerator of the gun. This
allows us to generate microsecond pulses of variable duration, and
even pulses as short as 100 ns. As illustrated in Fig. 4b, the probe
current (blue) rises rapidly when the emitter tip is irradiated with
a 100 µs laser pulse (green). Chopping the boosted electron beam
with the electrostatic deflector results in a 50 µs electron pulse
(Fig. 4c). We can thus obtain electron pulses with almost four
times the beam intensity and 1.7 times the brightness as with the
filament operated under conventional conditions.
We have established that our laser-boosted electron pulses allow us to capture fast transformations of nanoparticles in a single
shot and with atomic resolution.[51] Here, we study the structural
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Fig. 4. Microsecond timeresolved imaging with intense,
high-brightness electron pulses.
(a) Illustration of the generation of
intense, high-brightness electron
pulses. The tip of the Schottky
ﬁeld emitter of the electron gun
is heated to extreme temperatures with a microsecond laser
pulse, thus boosting the emission
current to near its maximum.
An electrostatic deﬂector then
chops the beam into microsecond pulses. (b) Irradiation of the
emitter with a 100 μs laser pulse
(green) boosts the probe current (blue). (c) A 50 μs electron
pulse is obtained by chopping
the boosted electron beam with
the electrostatic deﬂector. (d–f) A
CsPbBr3 perovskite nanocrystal
(d) is rendered amorphous when
it is heated with a 500 μs laser
pulse (f), as conﬁrmed by the diffractogram of the crystal in the
inset. A snapshot recorded with a
100 μs electron pulse after 300 μs
of laser irradiation reveals that
amorphization starts at the crystal surface (e). The red overlay
highlights crystalline domains and
is obtained by Fourier ﬁltering
the images with the reﬂections
selected that are circled in the
diffractogram in the inset. Scale
bars, 10 nm and 5 nm–1. (Adapted
from ref. [51].)
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transformations that CsPbBr3 perovskite nanocrystals[54,55] undergo at elevated temperatures. The perovskite nanocrystal in Fig. 4d
features a single crystalline domain highlighted in red. Heating the
crystal with a 500 μs laser pulse renders it amorphous (Fig. 4f),
a process that is known to be associated with the degradation of
the performance of perovskite nanocrystals in optoelectronic applications and that hinders their use in high-power devices.[56] A
snapshot taken during laser irradiation provides a subparticle picture of the mechanism involved, revealing that amorphization is
initiated at the crystal boundaries and propagates inward (Fig. 4e).
Crucially, this information can only be extracted because the
snapshot features atomic resolution. For comparison, single-shot
experiments had previously only reached a resolution of several
nanometers.[49] Our intense, highly coherent electron pulses open
up a new regime for atomic-resolution imaging on microsecond
timescales that has so far largely remained unexplored. Similarly,
our electron pulses greatly benefit high-resolution diffraction experiments on these timescales, as we have begun to explore.
5. Observing Protein Dynamics with Microsecond
Time-resolved Cryo-EM
Proteins are a prominent example of the emergence of complex behavior in nanoscale systems and illustrate why we need to
develop novel approaches for high-speed, atomic-resolution observations if we want to understand this complexity. Proteins provide
the machinery of life and are involved in harvesting energy from
the environment, sensing stimuli, metabolizing nutrients, and maintaining homeostasis. As nanoscale machines that carry out tasks,
proteins are inherently dynamic systems. Yet, much of our knowledge about protein function still derives from static structures.[57–60]
In the absence of real-time observations, however, our understanding of proteins must remain fundamentally incomplete.[61]
Observing proteins in action requires not only atomic spatial resolution, but also a temporal resolution that matches the fast motions
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of proteins, a challenge that has largely remained beyond the reach
of existing methods in structural biology.[61] The dynamics associated with the activity of a protein frequently involve domain motions that occur on a timescale of microseconds to milliseconds.[62]
Among the available atomic-resolution techniques, NMR spectroscopy is too slow to access such short timescales.[61] Ultrafast
X-ray crystallography[63] has enabled the observation of photoinduced protein dynamics,[64,65] but requires a crystalline sample,
which notably impedes any large-amplitude motions.[61] This is
not the case for cryo-EM, which images proteins in the frozen hydrated state.[12,13] However, the time resolution of traditional timeresolved cryo-EM has been limited to a few milliseconds.[66–69] It
has thus remained impossible to directly observe the domain motions of proteins that occur on the microsecond timescale.
In our lab, we have developed a novel approach to time-resolved cryo-EM that improves its temporal resolution by a factor
of 1000. It thus enables atomic-resolution observations of protein dynamics on the microsecond timescale and therefore promises to fundamentally change what we can know about protein
function.[70–72] Fig. 5a–e illustrates our experimental approach,
which is very much orthogonal to existing techniques. It uses a
laser to rapidly melt a cryo sample, in which proteins are embedded in a thin layer of vitreous ice (Fig. 5a). Once in their native
liquid environment at room temperature (Fig. 5b), the embedded
particles are subjected to an external stimulus that induces dynamics (Fig. 5c). For example, a second laser pulse can be used to dissociate a caged compound and thus induce a rapid change in the
chemical environment of the protein.[73,74] While these dynamics
unfold, the heating laser is switched off at a well-defined point
in time, which causes the sample to rapidly cool and revitrify.
Particles are thus trapped in their transient configurations (Fig.
5d), which can subsequently be imaged with established cryoEM techniques, so as to obtain their three-dimensional structure
(Fig. 5e).
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Fig. 5. Experimental concept of microsecond time-resolved cryo-EM and sample geometry. (a) A cryo sample is melted in situ with a laser beam.
(b) Once the sample is liquid and has reached room temperature, dynamics of the embedded particles are induced with an external stimulus. (c) As
the particles undergo conformational changes, the heating laser is switched off, so that the sample rapidly cools and revitriﬁes. (d,e) The particles
are trapped in their transient conﬁgurations and can be subsequently imaged with conventional cryo-EM techniques. (f) Sketch of the sample geometry. (Adapted from ref. [70].)
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Fig. 5f illustrates a typical sample geometry used in our experiments. A thin cryo sample (approximately 100 nm thick) is
suspended over a holey gold film[75] (50 nm thickness), which is
supported by the gold mesh of a specimen grid. The sample is held
at 100 K by means of a liquid nitrogen-cooled specimen holder.
The heating laser beam (532 nm) is aligned to the center of a grid
square, where it locally melts the cryo sample.
A proof-of-principle experiment demonstrates the viability of
our approach, showing that we can melt a cryo sample and allow
particle dynamics to occur in liquid phase, and that we can rapidly revitrify it after the end of the laser pulse, thus trapping the
proteins in their transient states (Fig. 6).[71] We make use of the
well-known fact that proteins incur electron beam damage during
cryo imaging. It is commonly believed that the vitreous ice matrix
counteracts this damage and preserves the protein structure by
fixing fragments in place. However, melting the sample should
allow the particles to unravel once they find themselves in a liquid
environment. This is exactly what we observe in our experiment.
We first image a conventional cryo sample of apoferritin by illuminating only the circular areas in the top left and bottom right
with a dose of 5 electrons/Å2 and 10 electrons/Å2, respectively
(Fig. 6a). We subsequently melt and revitrify the sample with a 15
µs laser pulse (Fig. 6b). We find that particles in the areas that have
previously been exposed to the electron beam have disassembled
and have been trapped in partially unraveled states (Fig. 6d,e).
Disassembly becomes more pronounced with electron dose, so
that for the particles exposed to 10 electrons/Å2, only small fragments remain that barely offer any contrast (Fig. 6e). At the same
time, particles that have not incurred any beam damage are left
intact (Fig. 6c).
Three-dimensional reconstructions confirm that the melting
and revitrification process leaves the protein structure intact,
which is crucial for our method to be useful for time-resolved
studies of protein dynamics.[72] Fig. 7a shows a typical micrograph
of a conventional apoferritin cryo sample together with a singleparticle reconstruction obtained on our instrument. At a resolution
of 4.57 Å, we can resolve individual helices as well as some sidechain density. If we melt and revitrify the cryo sample, the visual
appearance of the apoferritin particles is similar (Fig. 7b), with
the reconstruction yielding a slightly higher resolution of 4.25
Å. Both structures are indistinguishable, allowing us to conclude

that within the spatial resolution afforded by our instrument, the
revitrification process does not alter the protein structure.
We have also established that our approach affords a time resolution of just a few microseconds.[70] The time resolution is determined by how quickly particles can be trapped in their transient
configurations when the sample revitrifies, and thus by how fast
the sample cools. We have used nanosecond time-resolved electron microscopy (Section 2) to measure the characteristic cooling
time of the sample. In the absence of a film of vitreous ice, the
holey gold film cools in just 3.6 µs. Simulations show that this
timescale increases slightly in the presence of a cryo sample, but
remains below 5 µs for a typical ice thickness. This short cooling
time is a consequence of our experimental geometry, in which the
laser warms up the sample only very locally, while the surroundings remain at cryogenic temperature. This allows for fast heat
dissipation after the end of the laser pulse. With a temporal resolution of better than 5 µs, our approach is 1000 times faster than
traditional time-resolved cryo-EM. Notably, this is fast enough to
observe the domain motions of proteins that are typically associated with their function.
In conclusion, we have established a novel approach to timeresolved cryo-EM that enables high-resolution observations of
protein dynamics with microsecond time resolution. It thus opens
up new avenues to observe a wide range of protein dynamics that
have previously remained inaccessible. Preliminary results indicate that we can obtain near-atomic resolution reconstructions by
melting and revitrifying a sample in our instrument and then transferring it to a high-performance microscope for cryo imaging.
Several strategies are available to impulsively excite dynamics.
Photoactive systems can be triggered directly with a short laser
pulse. Temperature jumps can be implemented simply by increasing the power of the melting laser, so that the sample reaches
a higher temperature. Moreover, a range of biomimetic stimuli
can be provided by releasing caged compounds through UV irradiation, such as ATP, ions, small peptides,[73,74] or redox active
compounds.[77] Caged protons[78] and bases[79] can be used to induce pH jumps. Preliminary results show that these compounds
can already be released with the sample still in the vitreous state,
which significantly simplifies the experiment. Since the proteins
are confined by the matrix of vitreous ice surrounding them, they
cannot respond to a change in their chemical environment until
Before
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After

Exposed
areas

Fig. 6. Proof-of-principle demonstration of microsecond time-resolved cryo-EM. (a) Micrograph of a cryo sample of apoferritin. Only the circular
areas in the top left and bottom right have been illuminated with an electron dose of 5 and 10 electrons/Å2, respectively. Scale bar, 200 nm. (b) The
sample is melted with a 15 μs laser pulse and revitriﬁes. (c) In areas that have not been illuminated with the electron beam prior to melting and revitriﬁcation, the particles have remained intact. Scale bar, 50 nm. (d,e) In contrast, particles that have incurred electron beam damage have unraveled
while in liquid and have been trapped in partially disassembled conﬁgurations upon revitriﬁcation. (Adapted from ref. [71].)
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After melting and revitrification
4.25 Å

25 nm

50 Å
Fig. 7. Melting and revitriﬁcation preserves protein structure. (a,b) Micrographs and single-particle reconstructions of apoferritin in a conventional
cryo sample (a) and in a sample that has been melted and revitriﬁed (b). The two reconstructions are indistinguishable within the resolution of our instrument, showing that the revitriﬁcation process preserves the structure of the protein. The details show the density of an alpha helix that has been
ﬁtted with PDB model 6V21.[76] (Adapted from ref. [72].)

the sample is melted, at which point dynamics start to unfold.
Finally, we are currently also working on making our technique
more broadly accessible. Setting up a time-resolved instrument as
we have developed it in our lab presents a significant hurdle for
the adoption of our technique. We are therefore currently implementing an ex situ revitrification approach that uses an optical
microscope. Finally, we hope to demonstrate that our approach
can provide novel insights into the fast dynamics of a variety of
proteins. We have therefore begun studies of a range of different
systems.
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