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Abstract 

 

Sample preparation remains a bottleneck for protein structure determination by cryo-electron 

microscopy. A frequently encountered issue is that proteins adsorb to the air-water interface of the 

sample in a limited number of orientations. This makes it challenging to obtain high-resolution 

reconstructions or may even cause projects to fail altogether. We have previously observed that laser 

flash melting and revitrification of cryo samples reduces preferred orientation for large, symmetric 

particles. Here, we demonstrate that our method can in fact be used to scramble the orientation of 

proteins of a range of sizes and symmetries. The effect can be enhanced for some proteins by 

increasing the heating rate during flash melting or by depositing amorphous ice onto the sample prior 

to revitrification. This also allows us to shed light onto the underlying mechanism. Our experiments 

establish a set of tools for overcoming preferred orientation that can be easily integrated into existing 

workflows.  
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Since the resolution revolution, cryo-electron microscopy (cryo-EM) has greatly expedited the process 

of protein structure determination 1,2. Advances in instrumentation and single-particle analysis now 

routinely enable high-resolution reconstructions for a wide range of proteins and protein complexes 3–6. 

However, sample preparation issues have remained a significant bottleneck 7. In particular, one 

frequently encountered challenge involves preferred particle orientation 8–10. When the sample solution 

is applied to the cryo-EM specimen support, the hydrophobic parts of the protein surface adsorb to the 

air-water interface, so that only a limited number of viewing directions are present after vitrification. 

Strong preferred orientation limits the resolution of a single-particle reconstruction along some viewing 

directions or may even make it difficult to obtain a reconstruction at all 11. 

 

Although several strategies have been established to address issues with preferred orientation, no 

universal solution has been found. Tilting the sample provides a wider range of particle views, but 

usually also results in larger beam-induced motion, an increased ice thickness in the viewing direction, 

as well as a defocus gradient across the viewing area 12,13. Preferred orientation can be reduced by 

covering the air-water interface with detergents or small proteins in order to block adsorption of the 

particles of interest 14,15. Moreover, different specimen supports such as graphene, graphene oxide, or 

other functionalized surfaces can prevent some particles from diffusing to the interface 16–20. However, 

adopting such strategies often requires a time-consuming reoptimization of the sample preparation 

procedure. Adsorption to the air-water interface can also be reduced by limiting the time between 

sample application onto the specimen support and vitrification 21–26 . While this time can be decreased 

to a few milliseconds, the timescale for the particles to diffuse to the interface is typically much shorter, 

on the order of a few microseconds. Significantly higher preparation speeds would therefore be required 

to prevent the majority of particles from reaching the interface. Finally, machine learning techniques 

have been introduced to guess missing views 27–29. However, such approaches cannot replace actual 

experimental observations. 

 

We have previously observed that flash melting and revitrification of cryo-EM samples with microsecond 

laser pulses reduces preferred orientation for some large, highly-symmetric particles 30–32. Flash melting 

appears to exert small forces on the proteins, which changes their orientation and causes them to adopt 

an uneven spatial distribution after revitrification, with particles clustering together in some areas 30,32. 
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However, it is not clear whether this may provide a practical tool for addressing preferred orientation or 

what the mechanism of the process is. Here, we show that this effect extends to smaller proteins as 

well as particles of lower symmetry. We also introduce two variants of the experiment that provide larger 

changes in preferred orientation for some proteins and that allow us to elucidate the underlying 

mechanism. 

 

 

Results and Discussion 

 

Flash melting with rectangular laser pulses 

Our experimental approach is illustrated in Fig. 1a 30,32–34. A cryo-EM sample is flash melted with 20 µs 

or 30 µs rectangular laser pulses, i.e. the laser power is kept constant for the duration of the pulse 

(Fig. 1b). This causes some particles to detach from the air-water interface and change their orientation. 

Once the laser beam is switched off, the sample cools within just a few microseconds and revitrifies 34,35, 

trapping the proteins in a non-equilibrium angular distribution (Fig. 1a). In situ flash melting experiments 

are performed as previously described with a transmission electron microscope that we have modified 

for time-resolved experiments 36,37. The sample is locally flash melted by aiming the laser beam (532 nm 

wavelength, 28 µm diameter spot size in the sample plane) at the center of a grid square of the holey 

gold specimen support (1.2 µm holes, 1.3 µm apart on 300 mesh gold). Typically, an area of 9–16 grid 

holes is revitrified. The samples are subsequently transferred to a high-resolution electron microscope 

for imaging (Supplementary Information 1–4, 6). 

 

Figure 1c demonstrates that flash melting reduces preferred orientation for a sample of the T20S 

proteasome. A reconstruction from a conventional sample is shown in the top, together with the angular 

distribution of the particles. It exhibits a series of maxima that arise from a strong preference of the 

T20S proteasome to adsorb to the air-water interface with its side, so that top views are only sparsely 

populated. Upon revitrification (bottom), the angular distribution broadens noticeably, with a larger 

fraction of the particles now populating the less favored views. At the same time, the sampling 

compensation factor (SCF*), a measure of the degree of preferred orientation, improves from 0.89 to 
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0.95. The SCF* takes values between 0 and 1, with 1 corresponding to a perfectly isotropic angular 

distribution, and SCF* values below 0.81 indicating strong preferred orientation 5,38,39.  

 

An even more significant reduction in preferred orientation can be achieved for the 50S ribosomal 

subunit. Unlike the highly symmetric T20S proteasome (point group D7), the asymmetric 50S ribosomal 

subunit (C1) exhibits strong preferred orientation (Fig. 1d). In a conventional sample, the angular 

distribution features a small number of pronounced maxima, with many views absent altogether (white) 

and a low SCF* of 0.42. Upon revitrification, most of the missing views become populated, and the 

SCF* improves to 0.74. At the same time, the streaky artefacts that are visible in the reconstruction from 

the conventional sample and that are the result of preferred orientation disappear (Supplementary 

Information 2, Fig. S6) 40. Flash melting can also improve the angular distribution of much smaller 

proteins, such as the HIV-1 Envelope ectodomain protein (210 kDa), for which the SCF* increases from 

0.89 to 0.99 (Fig. 1e). Note that among these examples, a noticeable gain in resolution is only observed 

for the 50S ribosomal subunit, the only protein for which preferred orientation is so pronounced that 

many views are not populated at all. For the HIV-1 Envelope ectodomain protein, the resolution slightly 

decreases. This seems to be largely due to astigmatism present in the micrographs recorded for the 

revitrified sample. 

 

Laser flash melting appears to be less efficient at reducing preferred orientation for proteins that are 

more strongly bound to the air-water interface. Hemagglutinin (170 kDa) exhibits a preference for top 

and bottom views (Fig. 1f). While revitrification somewhat depopulates the bottom views, the overall 

angular distribution remains similar, with the SCF* slightly decreasing from 0.60 to 0.56. This suggests 

either that flash melting detaches only few proteins from the interface or that detached particles return 

to their preferred orientation rapidly once they have diffused back to the surface. Either explanation 

points to a strong interaction of Hemagglutinin with the air-water interface. Note that for the proteins 

studied here, diffusion to the interface is expected to occur in just a few microseconds, which is shorter 

than the duration of the experiment (30 µs). 
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Flash melting with shaped laser pulses 

Experiments with shaped microsecond laser pulses provide clues about the mechanism by which the 

angular distribution of the particles is reshuffled. We have previously shown that cryo-EM samples 

partially crystallize during flash melting with rectangular laser pulses 34,41. This has led us to speculate 

whether the transient formation of crystallites, which preferentially form at the sample surface 42, could 

exert small forces on the particles that cause them to detach and reorient 30. We test this hypothesis by 

melting samples with shaped laser pulses that feature an intense initial spike of 1 µs duration and ten 

times the laser power (Fig. 2a,b) 43. This increases the heating rate during flash melting to about 

2·108 K/s, twice the critical heating rate of 108 K/s, so that the sample does not crystallize 43. If 

crystallization was the dominant mechanism for reshuffling the particle orientations, we would expect 

the angular distribution to barely change under these conditions. Contrary to our expectation, flash 

melting with such a shaped laser pulse decreases preferred orientation even more drastically for the 

50S ribosomal subunit (Fig. 2c, Supplementary Information 2). The SCF* increases from 0.18 to 0.90 

in revitrified areas of the sample, and the map resolution improves significantly, from 4.1 Å to 2.9 Å. 

Note that the angular distribution of the sample is somewhat different from that in Fig. 1d, even though 

both samples were prepared with the same procedure. This suggests that the interaction of the particles 

with the interface is very sensitive to the preparation conditions and can be easily altered. 

 

Clearly, transient crystallization of the sample cannot be the dominant mechanism for reorienting the 

particles. Instead, the effect appears to become more pronounced as the heating rate is increased, 

which suggests several possible mechanisms. It is well known that impulsive laser heating of a thin, 

suspended membrane, such as the holey gold film of the specimen support, induces drumming motions 

that typically persist on microsecond timescales 44,45. With the larger initial heating power of the shaped 

laser pulses, such oscillations likely reach a larger amplitude and exert greater forces on the thin liquid 

film in which the particles are suspended. This may allow them to detach from the air-water interface 

more readily and reorient. Note that the impinging laser beam also deforms the thin liquid film directly 

through the radiation forces that act upon it 46. Finally, it is also conceivable that some particles detach 

from the interface due to the evaporation of the liquid sample in the vacuum of the electron 

microscope 41. During the initial spike of the shaped laser pulse, the sample temperature briefly 

overshoots by about 25 K, as simulations reveal (Supplementary Information 5). Since the evaporation 
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rate increases exponentially with temperature 47, this could cause more particles to detach. Note 

however, that we also observe changes in preferred orientation when we revitrify samples at 

atmospheric pressure, where evaporation is significantly reduced 48,49. It is therefore unlikely that 

evaporation is the dominant effect that causes particles to detach from the air-water interface. For 

Hemagglutinin, even shaped laser pulses are not able to reduce the amount of preferred orientation, 

although they induce some changes in the angular distribution (Fig. 2d, Supplementary Information 4). 

 

Flash melting after deposition of a layer of amorphous ice 

Our experiments suggest that the changes in the angular distribution induced by flash melting are the 

result of two opposing processes. First, particles must be successfully detached from the air-water 

interface in order to reorient. But given enough time, they may then diffuse back to the interface and 

return to their preferred orientation. A simple experiment allows us to detach all particles from the 

interface before we laser melt the sample and thus disentangle both processes (Fig. 3a). We deposit a 

20 nm thick layer of amorphous ice onto both sides of the sample by dosing water vapor into the volume 

surrounding the specimen in our modified transmission electron microscope 50. Once we flash melt the 

sample with a rectangular laser pulse (Fig. 3b), the particles all start out at a distance from the interface 

and should have lost all memory of where they used to be located. The angular distribution obtained 

after revitrification should then exclusively reflect the result of the free diffusion of the particles. 

 

When we revitrify a T20S proteasome sample after depositing a layer of amorphous ice, we obtain the 

angular distribution in Fig. 3c (bottom, Supplementary Information 1). With the estimated rotational 

timescale of the particles (about 5 µs) shorter than the timescale of the experiment, one might naïvely 

expect that this should yield an isotropic distribution. Instead, the distribution closely resembles that 

obtained without prior deposition of amorphous ice (Fig. 1c) and notably features a preference for side 

views. This clearly indicates that the particles have diffused back to the interface, which occurs on an 

estimated timescale of only about 4 µs, and have partially settled into their preferred orientations. The 

striking similarity of the angular distribution to that in Fig. 1c suggests that both are the result of the free 

diffusion and partial readsorption of the particles. It therefore appears likely that even without prior 

deposition of amorphous ice, the laser pulse efficiently detaches the T20S proteasome particles from 

the interface. 
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Flash melting of a cryo-EM sample of the 50S ribosomal subunit after deposition of amorphous ice 

similarly results in a broad angular distribution with a small degree of preferred orientation, indicating 

that some particles have readsorbed to the interface (Fig. 3d, Supplementary Information 2). The SCF* 

has increased from 0.42 to 0.90. Curiously however, the distribution has significantly changed and now 

features maxima at orientations that were previously only sparsely populated. This suggests that the 

interaction of the particles with the interface has been altered in our experiments. As discussed above, 

the preferential orientation of the 50S ribosomal subunit varies even in conventional samples under 

otherwise identical preparation conditions (Figs. 1d and 2c), suggesting that the properties of the 

interface are easily modified. It is conceivable that sample transfer and handling have introduced traces 

of surface-active compounds and thus changed the chemical composition of the interface. It is also 

possible that the interaction of the particles with the surface has been altered due to the dilution of the 

buffer that occurs in our experiment. At the laser powers used, less material is evaporated than has 

been deposited, so that the sample thickness slightly increases overall. As shown in Fig. 3e, we obtain 

a similar result for Hemagglutinin (Supplementary Information 4). After amorphous ice deposition and 

revitrification, the particles show a significant amount of preferred orientation, indicating that many have 

readsorbed to the interface. However, the prominent top views have been largely depopulated, while 

the bottom views now dominate the angular distribution. 

 

 

Conclusion 

Our experiments yield a simple picture of the competing processes that occur during laser revitrification. 

Flash melting detaches some particles from the interface (Fig. 4a,b), a process that becomes more 

efficient as the heating rate is increased. As these particles rotate freely, their orientations are 

scrambled, which leads to an improvement of the angular distribution. In a second, competing process, 

particles diffuse back to the interface (Fig. 4c) before the sample is revitrified (Fig. 4d), which allows 

some proteins to efficiently readsorb in their preferred orientation. For such proteins, it may be possible 

to improve the angular distribution by reducing the duration of the laser pulse to below the timescale of 

diffusion (a few microseconds), so that the particles do not have enough time to reach the interface. In 

some experiments, we observe that proteins readsorb in a different preferred orientation, such as when 

we deposit a layer of amorphous ice prior to revitrification. Apparently, our experiment has altered the 
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interfacial properties, so that adsorption in new orientations has become favorable. This also suggests 

that it should be possible to purposely modify the interface prior to flash melting, for example through 

vapor deposition of a hydrophilic compound onto the cryo-EM sample. Upon laser melting, all particles 

should then desorb and randomize their orientation. Such experiments are currently underway in our 

lab. 

 

Our experiments also provide a practical toolbox for addressing preferred orientation, with some 

proteins showing dramatic improvements in their angular distribution. For example, revitrifying a 

cryo-EM sample of the 50S ribosomal subunit with shaped laser pulses improves the resolution by 1.2 Å 

under otherwise identical conditions (Fig. 2c). To put this in perspective, it would be necessary to 

acquire 18 times as many micrographs from a conventional sample to achieve the same improvement 

in resolution. Reshuffling the particle orientations through laser flash melting can therefore provide 

significant cost and time savings. We note that our method can be easily combined with other 

established approaches for addressing preferred orientation. Importantly, as a simple physical 

approach, flash melting does not require any time-consuming changes to the sample preparation 

procedure, but can be easily integrated into existing workflows. As we have previously shown, cryo-EM 

samples can be revitrified in an optical microscope equipped for correlative light and electron 

microscopy experiments, an approach that may be most easily accessible to other labs 48. It is also 

conceivable that laser melting experiments could be directly integrated into high-resolution electron 

microscopes at cryo-EM facilities. If a sample is found to exhibit preferred orientation during data 

acquisition, it could then be revitrified on the fly with little additional time added to the workflow. 

 

 

Methods 

 

Cryo-EM sample preparation 

Purified T20S Proteasome (3.7 mg/ml in 50 mM Tris pH 8.0, 200 mM sodium chloride) and purified 50S 

Ribosome 51 (40 OD260/ml in 20 mM HEPES pH 7.5, 100 mM sodium chloride, 2 mM magnesium 

chloride) were gifted by A. Guskov, University of Gröningnen, NL, and B. Beckert, DCI Lausanne, CH, 

respectively. The purified Hemagglutinin sample (1mg/ml in PBS pH 7.5) was purchased from 
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MyBioSource (MBS434205). The cryo-EM samples of purified proteins were prepared by applying 

3.5 µl of the sample solution to glow-discharged (0.25 mbar, 15 mA, 60 s) gold grids (UltrAuFoil, 

R1.2/1.3, 300 mesh, Quantifoil Micro Tools GmbH). Surplus sample was removed by blotting for 2 to 

4 s using a blot force of 10 in a Vitrobot Mark IV (Thermo Fisher Scientific, held at 20°C, 100% relative 

humidity). The HIV-1 Envelope ectodomain protein (HIV-1 CH505TF Envelope SOSIP ectodomain) 52 

was generously provided by R. Henderson, Duke Center for HIV Structural Biology, US. The HIV-1 

Envelope ectodomain protein (5 mg/ml in 15 mM HEPES pH 7.4, 150 mM NaCl, 2.5% glycerol) was 

applied to glow discharged gold grids (Au-flat, 0.6 µm/1 µm, 300 mesh, Electron Microscopy Sciences). 

The sample was blotted with the minimum blot time that can be set (0 s). The conventional sample was 

blotted using a blot force of 10, whereas the revitrified sample was blotted using a blot force of 5 and 

10. All samples were plunge-frozen in liquid ethane and stored in liquid nitrogen until experiments were 

carried out. 

 

Flash melting with rectangular laser pulses 

The revitrification experiments with rectangular laser pulses (Fig. 1) were performed in situ using a 

modified JEOL 2200FS transmission electron microscope equipped with a TemCam-XF416 (TVIPS) 

and an in-column Omega energy filter 37. The samples were loaded into the microscope using a single-

tilt side-entry cryo-transfer holder (Elsa, Gatan) held at approximately 100 K. The sample was melted 

and revitrified in the center of multiple grid squares (typically 80 – 100) through irradiation with 

microsecond laser pulses as previously described 30,32,34. A 30 µs laser pulse was used for the 50S and 

HIV-1 samples, and a 20 μs laser pulse for the T20S sample. The Hemagglutinin sample was revitrified 

with two 30 µs pulses with a 250 ms delay between the pulses. The laser pulses were obtained by 

chopping the continuous output of a 532 nm laser (Ventus532, Laser Quantum) with an acousto-optic 

modulator (AA Opto-Electronic). The laser beam was focused to a spot size of 28 μm FWHM (full width 

at half maximum) in the sample plane, as determined by a knife-edge scan, and aligned to the center 

of the grid squares. The laser power was adjusted on the fly to keep the size of the revitrified region, 

typically 15 – 22 µm in diameter, approximately constant 34. After revitrification, the grids were unloaded 

from the side entry holder and stored in liquid nitrogen until data collection.  
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Flash melting with shaped laser pulses 

The revitrification experiments with shaped laser pulses (Fig. 2) were performed on a modified JEOL 

2010F transmission electron microscope, equipped with a TemCam-XF416 (TVIPS) 50,53,54. The plunge-

frozen cryo-EM samples were inserted into the microscope using a single-tilt side-entry cryo-transfer 

holder (Elsa, Gatan) held at a temperature of approximately 100 K. Shaped laser pulses with an intense 

leading edge (1 µs initial spike at ten times the laser power) were generated as described previously 43 

by modulating the output of a continuous green laser (532 nm, Verdi Coherent) with an acousto-optic 

modulator (AA Opto-Electronic) that was controlled by an arbitrary function generator (Tektronix 

AFG1062). The laser beam was focused to a spot of 38 µm FWHM in the sample plane, as determined 

by imaging the beam with CCD camera placed in a plane that is conjugate to the sample plane. The 

laser power required for laser melting was initially determined by using ordinary rectangular pulses. The 

initial spike was then added to perform the revitrification experiment. 

 

Flash melting with rectangular laser pulses after deposition of amorphous ice 

The experiments in Fig. 3, in which the sample was revitrified after deposition of amorphous ice, were 

performed on a modified JEOL 2010F transmission electron microscope, equipped with a TemCam-

XF416 (TVIPS) 41,50,53,54. Amorphous ice was deposited by leaking water vapor into the volume 

surrounding the sample through a gas dosing valve, as described previously 50. In order to obtain a 

well-defined thickness, the deposition rate was first determined with the following procedure. A 

multilayer graphene sample on a gold specimen grid (UltrAu Foil, 600 mesh, R2/1) was cooled to about 

100 K in an Elsa cryo-transfer holder (Gatan). While amorphous ice was being deposited on the 

graphene sheet, diffraction patterns of the growing ice layer were recorded. During the deposition, the 

intensity of the molecular diffraction pattern of amorphous ice initially increased linearly but leveled off 

and went through a maximum once the ice film was so thick that multiple and inelastic scattering 

became important. From the characteristic curve shape of the diffraction intensity as a function of 

deposition time, the deposition rate was then determined (typically 0.3 nm/s) 41,50, and the deposition 

time was adjusted accordingly (typically 74 s to deposit about 10 nm on each side of the sample, 20 nm 

total). 
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In order to perform the deposition and revitrification experiment, the cryo-EM sample was loaded into 

the microscope with a second Elsa cryo-transfer holder (Gatan, approximately at 100 K). To begin the 

deposition, the shutter of the specimen holder was opened for the predetermined amount of time, before 

the shutter was closed to stop any further deposition of amorphous ice. The gas dosing valve was then 

closed, and the cryo shield surrounding the sample was cooled to liquid nitrogen temperature. Once 

the pressure in the microscope column had dropped to below 5·10-5 Pa, the shutter of the cryo-transfer 

holder was opened, and the revitrification experiment was performed using rectangular laser pulses, as 

described above. 
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Figure 1 | Revitrification with rectangular laser pulses. a Concept. A cryo-EM sample is flash melted 

with a 30 µs laser pulse, which scrambles the orientation of the particles. When the laser is switched 

off, the sample revitrifies, trapping the particles in a non-equilibrium angular distribution. b Schematic 

illustration of the rectangular laser pulse shape used. c,d,e,f Reconstructions, with the applied 

symmetry noted in parentheses, and angular distributions of conventional and revitrified samples (top 

and bottom, respectively) for the T20S proteasome (c), 50S ribosomal subunit (d), HIV-1 Envelope 

ectodomain protein (e) and Hemagglutinin (f). The sampling compensation factor (SCF*), which is a 

measure of the degree of preferred orientation, as well as the resolution of the reconstructions are 

indicated. Note that for Hemagglutinin, the resolution appears to be overestimated, as judged by the 

quality of the map.  
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Figure 2 | Revitrification with shaped laser pulses featuring an intense leading edge. a Concept. 

A cryo-EM sample is flash melted with a shaped 30 µs laser pulse that features an intense leading 

edge. When the laser is switched off, the sample revitrifies, with the angular distribution of the particles 

reshuffled. b Schematic illustration of the laser pulse shape, which features an intense spike at its onset 

(1 µs duration with the laser power increased ten-fold). c,d Reconstructions and angular distributions 

of conventional and revitrified samples (top and bottom, respectively) for the 50S ribosomal subunit (c) 

and Hemagglutinin (d). The sampling compensation factor (SCF*) and the resolution of the 

reconstructions are shown below the maps. Note that for Hemagglutinin, the resolution appears to be 

overestimated, judging by the quality of the map. 
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Figure 3 | Revitrification with rectangular laser pulses after deposition of amorphous ice. 

a Concept. A 20 nm layer of amorphous ice is deposited in situ onto the cryo-EM sample before it is 

flash melted with a 30 µs laser pulse. When the laser is switched off, the sample revitrifies with the 

particle orientations redistributed. b Schematic illustration of the rectangular laser pulse shape used. 

c,d,e Reconstructions and angular distributions of conventional and revitrified samples (top and bottom, 

respectively) for the T20S proteasome (c), the 50S ribosomal subunit (d), and Hemagglutinin (e). The 

sampling compensation factor (SCF*) and the resolution of the reconstructions are indicated. Note that 

for Hemagglutinin, the resolution appears to be overestimated, judging by the quality of the map. 
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Figure 4 | Competing processes determine the degree to which laser flash melting is able to 

scramble the particle orientations. a In a conventional cryo-EM sample, particles adsorb to the air-

water interface in preferred orientations. b Flash melting detaches the proteins from the interface, so 

that they are able to rotate freely. c While the sample is liquid, many particles diffuse back to the 

interface, where some adsorb in their preferred orientation. d The sample is revitrified with the ensemble 

arrested in a non-equilibrium angular distribution.  
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