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As in cryo-crystallography, the key challenges in single-
particle cryo-EM are associated with sample preparation and
handling. The basic principles and methods in current use
were developed in the 1980s (Dubochet ez al., 1988), and many
recent advances in sample preparation technology are rooted
in ideas and methods developed at that time. Biomolecule
samples must be expressed, isolated and purified. Cryopro-
tectant-free buffer containing ~1 mg ml * of the biomolecule
of interest is dispensed onto a glow-discharge cleaned and
charged, 10-50 nm-thick carbon or gold “foil’ supported by a
200-400 mesh copper or gold grid. Excess sample is removed
by blotting and evaporation, with a target thickness of a few
times the biomolecular diameter or ~10-100 nm to maximize
image signal-to-noise while minimizing preferential biomole-
cular orientation by interaction with interfaces. To obtain
vitrified buffer for the best imaging, the sample-containing
grid is plunged at 1-2ms * into liquid ethane at T 90K
(produced by cooling ethane gas in a liquid-nitrogen-cooled
cup). The sample is then transferred from ethane to liquid
nitrogen (LN,), loaded into grid boxes, transferred to addi-
tional containers and finally to a storage Dewar. Samples are
then removed from the storage Dewar and grid boxes, and
loaded into a cold microscope stage. Alternatively, samples
may be ‘clipped’ before or after cooling for eventual loading
into a cold sample cassette compatible with automated grid
handlers. The stage or cassette is then loaded into the TEM.

These procedures arento



that contributes to the particle image; similarly, proximity of
neighbors in the dense arrays of randomly oriented biomole-
cules often observed in cryo-EM images does not prevent
high-resolution reconstructions. Warming cryo-EM samples to
160 K to release cooling-induced stress causes substantial
recrystallization in an initially vitrified sample but has no
significant deleterious effect on biomolecule imaging
(Wieferig et al., 2021; see also Cyrklaff & Kuhlbrandt, 1994).

CCRs decrease exponentially with solute concentration
(Warkentin et al., 2013), but solutes decrease electron density
and EM contrast (Tyree et al., 2018). CCRs are ~220000 K 5 *
for a cryo-EM buffer with ~0.5% w/v salt concentration
(Warkentin et al., 2013).

2.2. Cooling rates achieved in current cryo-EM practice are
far below theoretical limits

Despite using liquid ethane, one of the most effective liquid
cryogens, and despite modest cooling rates required to vitrify
water, samples for single-particle cryo-EM can develop
substantial areas of crystalline ice during cooling. For a thin-
film sample comprised of 50 nm of water on 50 nm of gold or
12 nm of carbon and plunged edge-on at 2m s * into liquid
ethane at ~



accumulation. The sample carousel accepts four standard 16-
sample storage and shipping ‘pucks’ used in automated
handling at synchrotron source beamlines and automatically
positions an empty sample slot beneath the plunge path after
each plunge. Using thermocouples with ~30 um beads,
measured cooling rates in boiling nitrogen using NANUQ are
in excess of 50000 K s



induced-motion analysis, was collected from four additional
grids.

3.7. Data processing and single-particle reconstruction

Single-particle datasets were processed using cryoSPARC
(Punjani et al., 2017). A dataset for sample 1 on an UltrAuFoil
grid consisted of 159 micrographs, with a measured defocus
range from 0.6 to 1.8 pm. After patch-based motion correction
and CTF estimation using Patch CTF, micrographs were
manually inspected and 136 were selected for use. In total, 200
manually picked particles from 20 micrographs were classified
into 4 templates and used to pick 129019 particles from the
micrographs. Particles were extracted at 0.615 A per pixel
using a box size of 416 pixels. 2D classification was used to
remove junk, leaving 95834 particles. After ab initio recon-









boiling LN, and ethane-cooled samples compare with a value
of ~1.9 A3/e reported for an ethane-cooled sample on a foil
with 1.2 um diameter holes (Naydenova et al., 2020) and of
~1.0-1.8 A¥e reported for ethane-cooled samples on foils
with 2 um diameter holes (Wieferig et al., 2021), all measured
at 0° tilt. However, for LN,-cooled samples 1 and 3, for which
FFTs and/or diffraction patterns showed significant ice
intensity, the initial slopes were only 0.5 and 0.9 A3/e These
compare with initial slopes of ~0.3 A%e for ethane-cooled
samples on foils with 2 um diameter holes measured after
partial devitrification by transient warming (Wieferig ez al.,
2021).

5. Discussion

5.1. Measurement of cooling rates and the relative effec-
tiveness of liquid cryogens

Direct measurements of the temperature-time response of
sub-100 nm-thick cryo-EM samples on 10-50 nm-thick foils
has so far not been possible. Almost all measurements have
used thermocouples formed from 12.5 or 25 um-diameter wire
and having junction beads of sizes between ~25 and 75 pum.
Early thermocouple measurements during plunging in iso-
pentane yielded cooling rates of ~300000 K's * (Luyet &
Gonzales, 1951), and have not been substantially improved
upon in the subsequent 70 years (Costello, 2006; Ravelli ez al.,

2020). At best, these measurements reflect cooling rates of 20—
25 um-thick grids, setting a lower bound on what may be
achieved in sub-100 nm-thick cryoEM samples within grid
openings under optimal cooling conditions.

Thermocouple response times may have obscured the
importance of precooling of 10-100 nm-thick sample films in
cold gas layers during high-speed plunges in ethane, where the
cold gas layer may be only a few millimetres thick. For a
sufficiently small/thin sample, cooling rates will be limited by
the cold gas layer thickness and plunge speed (Warkentin et
al., 2006), which for a 2 mm thickness and 2ms * plunge
speed is roughly 150000 K s *
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