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Cryo-electron microscopy (cryo-EM) visualizes the atomic structure

of macromolecules that are embedded in vitrified thinice at their
close-to-native state. However, the homogeneity of ice thickness, a key
factor to ensure high image quality, is poorly controlled during specimen
preparation and has become one of the main challenges for high-resolution
cryo-EM. Here we found that the uniformity of thin ice relies on the surface
flatness of the supporting film, and developed a method to use ultraflat
graphene (UFG) as the support for cryo-EM specimen preparation to achieve
better control of vitreous ice thickness. We show that the uniform thin

ice on UFG improves the image quality of vitrified specimens. Using such
amethod we successfully determined the three-dimensional structures

of hemoglobin (64 kDa), a-fetoprotein (67 kDa) with no symmetry, and
streptavidin (52 kDa) at aresolution of 3.5 A, 2.6 Aand 2.2 A, respectively.
Furthermore, our results demonstrate the potential of UFG for the fields of
cryo-electron tomography and structure-based drug discovery.

Cryo-electron microscopy (cryo-EM) has become a major toolin struc-
tural biology. As the resolution achievable by cryo-EM improves, the
production of the uniformly thinice required for high-resolution struc-
tural determinationbecomesincreasinglyimportant' . For small biomol-
ecules withmolecular weight lessthan100 kDa, low contrast in cryo-EM
hinders successful reconstruction and lowers the resolution able to be
achieved®’, given that high-resolution structural determination requires
thinice tominimize the background noise. During the standard process
of preparingthinicein cryo-EM specimen preparation, athinliquid film
isnormally obtained by wicking excess solution fromasupporting film.

The rough and heterogeneous liquid-solid interfaces during wicking
haverecently been found to be afundamental limitation to the produc-
tionofareproducible and uniformice thickness®.In1990 the homogene-
ity and thickness of thinliquid film were found to be markedly influenced
by the roughness of the underlying support. Thatis, the thinner the liquid
film, the more dominant the effect of support roughness™°. Thus, the
productionof uniformly thin vitreous ice would appear to be dependent
on the development of an ultraflat supporting film.

To our knowledge, the relationship between the surface flatness of
the supporting film and the uniformity of the ice thicknessis still poorly
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Fig.1| Graphene roughness dominates the uniformity of ice thickness.

a, Schematic illustration of wrinkled rough graphene resulting in wavy ice with
inconsistent ice thickness, which canresult in a focal height difference (AH) of
10-20 nm. The protein particles are shaded by the wrinkled graphene during
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cryo-ET imaging. Note that the wrinkles in graphene include the ripples and
folds, as shownin the side view of wrinkled suspended graphene. b, Schematic
illustration of pre-tensioned UFG resulting in a uniformice layer, with proteins
adsorbed on the UFG at the same height.

understood, and an ultraflat supporting film for thinice deposition has
notbeen created. Dense static wrinkles (folds and ripples) are inevitable
evenonthingraphene oxide nanosheets and graphene films grown on
copper foil, although both have proven to be helpful for better cryo-EM
specimen preparation*”""?, The height difference of the wrinkled
surface canbe up to dozens of nanometers (Extended DataFig.1), and
will directly shape the ice, leading to non-uniformice thickness and a
varying height distribution of particles in the data-collection region
(Fig.1a). Moreover, the wrinkled surface will project obviously strong
noiseat hightilt angles®, thus becoming asevere problem when applied
incryo-electron tomography (cryo-ET) (Fig. 1a).

Inthis Article we present a pre-tensioned ultraflat graphene (UFG)
without wrinkling for uniform thin ice preparation (Fig. 1b), in which
target particles are adsorbed onto the UFG surface at the same plane,
which sequesters them from the air-water interface. During the +60°
to-60°tilt of the UFG-prepared specimens, we did not observe any of
the corrugated features that are usually present in the conventional
rough graphene membrane. Using the UFG we obtained areconstruc-
tion of hemoglobin (64 kDa) at a resolution of 3.5 A, a reconstruction
of a-fetoprotein (67 kDa) at aresolution of 2.6 A and a reconstruction
of streptavidin (52 kDa) at a resolution of 2.2 A using single-particle
cryo-EM, which enables the visualization of structural details at
atom-level resolution.

Results

Design of ultraflat suspended graphene

Conventional and extensively used graphene films grown on copper
foil by chemical vapor deposition (Fig. 2a) are not ideally as flat as
one might expect. The graphene flatness is affected by three kinds of
broadly observed corrugations®, that is, dense rolling lines of copper
foil (Extended Data Fig. 2), strain-induced step bunches, and wrinkles
during graphene growth (Fig. 2b). Such corrugations resultin a notice-
able height variation of the graphene film and canreach up to dozens of
nanometers, even at a lateral scale of several micrometers (Fig. 2c and
Extended DataFig.2). Consequently, wrinkles areinevitably printed onto
the holey substrate when these rough graphene films are transferred to
supporting substrates such as the holey carbon films of EM grids*"**,

In view of this, we replaced the copper foil with Cu(111)/sapphire
wafer as a growth substrate (Fig. 2d). The Cu(111) substrate can elimi-
nate the rolling lines and inhibit the formation of step bunches and
wrinkles*?¢, thus giving rise to the atom-scale flatness of graphene
growth. The average surface roughness (R,) of graphene on the wafer
isonly 0.28 nm, and no sharp step bunches or wrinkles are observed
(Fig.2e and Extended Data Fig. 3). The height difference of the step on
the graphene waferis decreased to -1 nm, whichis negligible compared
with that of rough graphene on copper foil (<10-30 nm) (Fig. 2c).

To achieve the suspended UFG we transferred the UFG onto EM
grids using a face-to-face transfer method (Methods). The ultraflat
surfaceincreased the contact areabetween the graphene and EM grids,
and thus improved the interfacial contact (Supplementary Fig. 1),
enabling the scalable direct transfer of wafer-scale graphene onto the
EMgridswithahighyield (Fig. 2f,g). The suspended UFG membranes on
the grid had ultraclean and single-crystal surfaces with a high statisti-
calintactness of ~98% (Supplementary Figs.2 and 3). Importantly, the
suspended graphene membranes remained ultraflat, with almost no
noticeable wrinkles on the uniform graphene surfaces (Fig. 2g). The
height variation of the suspended UFG was down to -2 nm, whichis sig-
nificantly smaller than that of suspended rough graphene (-10-20 nm)
transferred from copper foil (Fig. 2g,h and Extended DataFig. 4), indi-
catingthat the flatness of UFG grown on Cu(111)/sapphire wafer canbe
well maintained after being transferred onto EM grids.

Pre-tensioned ultraflat graphene enables uniformice

The single-crystal suspended UFG bridges the gap between chemical
vapor deposition graphene and ideal graphene, which has excellent
mechanical properties. We measured the mechanical performance
of the suspended graphene on grids using atomic force microscopy
nanoindentation (Fig. 3a). The mechanical strength (o) and Young’s
modulus (£) of UFG were 145 + 13 GPa and 933 + 171 GPa, respectively,
which are comparable to the values of near-ideal graphene exfoliated
from graphite (06 =130 £ 10 GPa, £ =1010 + 15 GPa) and much higher
than those of rough graphene (Fig. 3b, Extended Data Fig. 5 and Sup-
plementary Table 1). From the force-displacement curves we found
that UFG had better resistance to deformation than rough graphene
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Fig.2|Design and scalable preparation of ultraflat suspended graphene
membranes. a, Photograph of graphene (Gr) film grown on the copper foil.

b, Typical AFMimage (top) and corresponding schematic diagram (bottom)
showing the rough graphene surface with dense step bunches and wrinkles on
the copper foil. ¢, Typical smoothness of graphene films grown on the copper
foil and Cu(111)/sapphire wafer. d, Photograph of UFG grown on the Cu(111)/
sapphire wafers. e, Typical AFM image (top) and corresponding schematic
diagram (bottom) showing the atomically flat surface of graphene on the wafer.

f, Schematicillustration (top) and photograph (bottom) showing the face-to-
face transfer of wafer-scale UFG film onto the EM grids. g, Schematic diagram
(top) and typical AFM image (bottom) of ultraflat suspended graphene
transferred from the Cu(111)/sapphire wafer. The height variation along the white
dashed line was plotted as red spots, and AH was the maximum height difference.
h, Schematic diagram (top) and typical AFM image (bottom) of rough suspended
graphene transferred from copper foil. Scale bars, 1 um.

(Extended Data Fig. 5e), and the corresponding pre-tension values of
suspended UFG and suspended rough graphene were ~0.2 N m™and
~0 Nm, respectively (Fig.3c). The pre-tensionin suspended UFG lies
mainly in the fact that the periphery of the graphene membrane is
attracted by the sidewalls of the holes in holey film (insets of Extended
Data Fig. 4g,h). The pre-tension induced by the interaction between
the graphene membrane and the sidewalls of holey substrates has
been reported in previous experiments?*® and molecular dynamics
simulations®. The pre-tension value of 0.2 N m™ of UFG is higher than
the mechanical strength of many conventional materials®, and helps
torestrain the out-of-plane deformation of suspended graphene upon
mechanical perturbations.

The pre-tension of the graphene plays a critical role in the prepa-
ration of cryo-EM specimens with thin vitreousice. Inthe preparation
procedure, shear force is one of the key factors that influence the
formation of thin liquid film***°. The shear stressimposed on the film
couldbeontheorder of kilopascals (kPa) when the liquid film thickness
approachestens of nanometers for high-resolution cryo-EM®, Based on

this, we constructed a theoretical simulation to investigate the influ-
ence of shear force on the suspended graphene. For the suspended UFG
with a pre-tension of 0.2 N m™, the suspended membranes remained
ultraflat without any distortion under a shear stress of ~10-100 kPa
(Fig.3d and Supplementary Fig. 4).In contrast, the wrinkle amplitude
of suspended rough graphene significantly increased under the same
shearstress, and the height differences of suspended graphene could
increase to ~10-30 nm with a stress of ~10-100 kPa (Fig. 3e and Sup-
plementary Fig. 5).

Our experimental results corresponded well with the simulations.
After the wicking of excess solution from the suspended graphene
surface (that is, the blotting procedure during cryo-EM specimen
preparation), athinliquid filmis formed and then vitrified as the vitre-
ousicelayer.Under cryo-EM, the vitreousice on pre-tensioned UFG had
evenly distributed intensities across the holes, indicating auniformice
layer without wrinkles (Fig. 3f and Extended Data Fig. 6a). In contrast,
the vitreous ice on the rough graphene had a wavy morphology with
inconsistent contrast in the cryo-EM image (Fig. 3g and Extended
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Fig.3|Pre-tensioned ultraflat suspended graphene enables uniformice.

a, Schematicillustration of AFM nanoindentation. The AFM probe is used
toindent the center of the suspended graphene membrane. b,c, Statistical
histograms of mechanical strength (b) and pre-tension (c) for UFG and rough
graphene. d,e, Finite element simulations of UFG with a pre-tension of 0.2 N m™
(d) and rough graphene without pre-tension (e) under a shear stress of ~10 kPa.
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The UFG remained flat after being sheared, while the ripple amplitude of rough
grapheneincreased under the same shear stress. f,g, Left: schematic diagrams of
the wicking process, during which excess solution is wicked away, leaving behind
athinliquid layer on the UFG (f) and rough graphene (g). Right: cryo-EM images
showing the uniformvitreous ice on the UFG (f) and wavy vitreous ice on the
rough graphene (g). Scale bars, 1 pum.

Data Fig. 6b). Given that the graphene was almost background free
incryo-EMimages, the difference inimage contrast on the rough gra-
pheneresulted mainly from the inconsistentice thickness.

Uniform thiniceimproves image quality

To further characterize the ice behavior and particle distribution on
the UFG support, we used the UFG grids for cryo-EM specimen prepa-
ration of macromolecules, that is, the 20S proteasome, hemoglobin
andstreptavidin. Here, we used rough graphene-supported specimens
as a control group. First, we imaged the cryo-specimen at different
tilt angles (Fig. 4a) to perform the cryo-ET analysis and found that at
high-angletilt (+60° or -60°) the wrinkle features were clearly recorded
ontherough graphene-supported specimen, although these features
were negligible at 0°tilt (Fig. 4a). Using this tilt series we reconstructed
the tomogram of the rough graphene-supported specimen and plot-
ted the 20S proteasome particles in the ice (Fig. 4b). The ice of rough
graphene-supported specimens had athickness variation of 5-20 nm,
generating varied background noise at the 100 nm lateral scale.

The protein particles were mainly adsorbed onto the graphene surface,
taking on awave-like distribution (Fig. 4b). The non-coplanar particle
distribution (Fig. 4c) therefore resulted in different focus values of
individual molecules from the same micrograph without tilt, requir-
ing individual and careful refining during data processing. As well as
the cryo-ET analysis we also determined the ice thickness of the rough
graphene-supported specimen by filtering the inelastic scattering
electrons with an energy filter (Extended Data Fig. 7)*". Consistent with
thecryo-ETresults, the ice was wave shaped with a thickness variation
of 5-20 nm (Fig. 4d), comparable to the aforementioned height varia-
tion of suspended rough graphene.

Incontrast torough graphene, the UFG-supported specimen had
uniform and flatice, with no wrinkle-like features to overlap the target
particle signals at a high-angle tilt (Fig. 4e). Theice thickness retained
homogeneity, bounded by flat graphene and the air-water interface,
asshownoncryo-ET of the UFG-supported specimen (Fig. 4f). The 20S
proteasome particles were distributed at the same defocus level on
the flat graphene surface in the untilted specimen (Fig. 4f,g). The ice
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Fig.4|Cryo-EM characterization of the vitrified ice and particle distribution
on UFG and rough graphene. a, Typical micrographs acquired at different

tilt angles for arough graphene-supported cryo-specimen. The wrinkles were
obviously visible at high tilt angles and submerged the particles’ signals. Scale
bars, 100 nm. b, Top: schematic diagram of a rough graphene-supported
specimen. Bottom: plot of 20S proteasome particle position in ice supported by
suspended rough graphene, as per the cryo-ET reconstruction. Protein particles
were mainly distributed on the graphene surface, with a height variation of

~20 nm. Every spot indicated one individual 20S proteasome particle. ¢, Three
selected slices through the z axis from the tomogram of a rough graphene-
supported cryo-specimen, the relative locations of which are indicated by

the dotted linesinb. Scale bars, 50 nm. d, Top: typical micrograph of arough
graphene-supported cryo-specimenimaged with an energy filter. Bottom: ice
thickness distribution across the dotted line in the upper micrograph. Scale

bar, 100 nm. e, Representative micrographs acquired at different tilt angles for
aUFG-supported cryo-specimen. No visible wrinkles were observed in the -60°
or 60°tilted micrographs. Scale bars, 100 nm. f, Top: schematic diagram of the
UFG-supported specimen. Bottom: protein particle position distribution on

the UFG. The particles were adsorbed onto the graphene surface in the same
plane. g, Three selected slices through the z axis from the tomogram of the UFG-

1/resolution? (A2

supported cryo-specimen, the relative locations of which are indicated by the
red arrows inf. Scale bars, 50 nm. h, Top: typical micrograph of a UFG-supported
cryo-specimenimaged with an energy filter. Bottom: ice thickness distribution
across the dotted line in the upper micrograph. Scale bar, 50 nm. i, Defocus range
distribution of micrographs acquired from rough graphene-supported (blue)
and UFG-supported (orange) specimens. A total of 324 and 313 micrographs were
collected and used here for rough graphene and UFG, respectively. The dotted
lines in the boxes indicate the mean, and the solid lines indicate the median. The
boundaries of the boxes are the first quartile (median of the lower half of the
data) and the third quartile (median of the upper half), and the whiskers of the
boxes define the upper and lower bounds. j, Particle motion with accumulated
electron dose on rough graphene (black) and UFG (orange). Every dotted line
was generated by averaging the displacement of thousands of particles. We
performed three repeated measurements (dotted lines) for both rough graphene
and UFG, using 2,001, 2,056 and 2,043 particles for rough graphene, and 1,910,
2,013 and 1,769 particles for UFG, respectively. The solid lines are the average of
these dotted lines, and the error bars are the standard deviations. k, Guinier plots
(dotted curves) assessing the image quality of rough graphene-supported (blue)
and UFG-supported (orange) specimens. The solid lines are the linear fits at high
resolution, and their slopes were used to calculate the B factor: B=4 x slope.
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Fig. 5| High-resolution structural determination of small macromolecules
by single-particle cryo-EM. a,d,g, Typical cryo-EM micrographs of
hemoglobin (a), a-fetoprotein (d) and streptavidin (g) supported by UFG.

The insets show representative 2D class averages of the particle images Scale
bars, 20 nm. b,e,h, The density maps of hemoglobin at 3.5 Aresolution, with
individual monomers indicated by different colors (b), a-fetoprotein at
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52 kDa streptavidin (2.2 A)

2.6 A resolution, with individual domains indicated by different colors (e),
and streptavidin at 2.2 A resolution, with individual monomers indicated by
different colors (h). ¢ f,i, Selected densities from the hemoglobin map (c) and
a-fetoprotein map (f) with the corresponding atomic models docked; and the
density of several amino acid residues extracted from the 2.2 A streptavidin
map with the corresponding atomic models of the residues (i).

thickness was estimated to be ~20 nm by calculating the space between
the air-water interface (Fig. 4g, upper) and the graphene support
(Fig. 4g, down), which was suitable for embedding protein particles
withoutintroducingextranoise. We also characterized theice thickness
variation using an energy filter and found that the ice thickness was
consistently ~20 nmacross the imaged region with much smaller fluc-
tuation than that of the rough graphene-supported specimen (Fig. 4h).

Furthermore, we collected single-particle datasets of rough
graphene- and UFG-supported 20S proteasomes (Supplemen-
tary Table 2), and calculated the defocus range of all micrographs
based on the local defocus values of particles in individual micro-
graphs. The defocus range of micrographs acquired from the rough
graphene-supported specimen varied much more than that fromthe
UFG-supported specimen, with a mean defocus range of 84.0 nm on
rough graphene versus 40.5 nmon UFG (Fig. 4i). Moreover, the particle
motion on the UFG induced by the electron beam was significantly
smaller than that on rough graphene (Fig. 4j), owing to the ice layer
on pre-tensioned UFG becoming more resistant to deformation dur-
ing cryo-EM imaging in accordance with the physical theory of ice
bending®*** (detailed discussions about the effect of pre-tension on
the particle motion reduction are given in Methods). The uniformly
thin ice with deformation resistance improved the image quality, as

shown by the Bfactor extracted from the Guinier plots, whichis defined
as the natural logarithm of the structure factor amplitude against
1/resolution®*and which describes the contrast loss with frequency. The
extracted Bfactor reflects the decay rate of high-resolutioninformation
and signal-to-noise ratio. We found that the UFG-supported specimen
had better high-resolution amplitude with a much smaller B factor of
55 A2 compared with the 79 A% of rough graphene (Fig. 4k). Moreover,
the calculated Henderson-Rosenthal Bfactor** on UFG was also smaller
thanthat onrough graphene, enabling the higher-resolution structure
determination with UFG when using exactly the same number of par-
ticles (Extended Data Fig. 8). These results collectively show that UFG
enables the production of auniformly thinice andimproves theimage
quality for cryo-EM analysis.

Cryo-EMreconstruction of small macromolecules

Structural determination of biomolecules of small molecular weight
(<100 kDa), due to the poor signal-to-noise ratio, remains a practi-
cal limit in cryo-EM*>*. To verify the imaging quality enabled by UFG
support, we prepared cryo-EM specimens using 64 kDa hemoglobin,
67 kDa a-fetoprotein and 52 kDa streptavidin applied to the UFG and
collected cryo-EM datasets for single-particle 3D reconstruction (Sup-
plementary Table 2). All of these three samples of small molecular
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weight were mono-dispersed on the UFG with high contrast (Fig. 5). The
two-dimensional (2D) classification of hemoglobin particles showed
arich distribution of orientations (Fig. 5a, inset) that enabled a final
reconstruction to be obtained at a resolution of 3.5 A (Fig. 5b and
Extended DataFig. 9a,d). At this resolution the side chains and bound
heme molecule could be clearly identified (Fig. 5c). The homologous
structures of a-fetoprotein with no symmetry have previously been
determined using X-ray crystallography**. Here, we collected 1 day
cryo-EM datasets (2,290 micrographs) and followed the standard
data-processing workflow to achieve a 2.6 A resolution reconstruction
(Fig.5d-fand Extended Data Fig. 9b,e). In the cryo-EM reconstruction
of streptavidin, fine details were obtained after aroutine 2D classifica-
tion process (Fig. 5g, inset). From the dataset we were able to obtaina
3D reconstruction of streptavidin at a resolution of 2.2 A (Fig. 5Sh and
Extended Data Figs. 9¢,f,10). To our knowledge this is a high resolu-
tion achieved by cryo-EM for this size of protein®®”**-*°, Streptavidin
is composed of four monomers, the densities of which were clearly
resolved onthe 2.2 Amap (Fig. 5h). Furthermore, we were able toiden-
tify the water molecules from the high-resolution EM map (Supple-
mentary Fig. 6). All of the side chains of the amino acid residues were
clearly assigned (Fig. 5i). For phenylalanine or tryptophan, the benzene
at their side chains appeared as a ring-like density with an obvious
hole in the center. Even for alanine, which has a minimal side chain,
its methylene group was unambiguously visualized on the EM map
(Fig. 5i). The 2.2 A cryo-EM reconstruction of streptavidin indicates
that the UFG support canimprove cryo-EMimaging quality and that it
has the potential to facilitate the determination of atomic-resolution
reconstruction of small-molecular-weight biomolecules viastandard
data processing.

Discussion

We prepared suspended UFG using graphene grown on a Cu(111)/sap-
phire wafer via the face-to-face transfer method with a high yield. The
UFG had superior mechanical strength compared with the commonly
used graphene-based cryo-EM supports. Importantly, we show that
the flatness of the support film significantly influences the uniform-
ity of ice thickness and the height distribution of particles in cryo-EM
specimens. The resistance of UFG to deformation enables better control
of uniformly thin ice and improves the image quality. We generated a
cryo-EM map of 67 kDa a-fetoprotein with no symmetry at a resolu-
tionof 2.6 A and achieved a resolution of 2.2 A for 52 kDa streptavidin
using such UFG grids.

Given that the uniform and thin ice on UFG eliminated the wavy
features at high-angle tilt, UFG is a promising supporting substrate
for cryo-ET or cryo-EM analysis with regard to particle preferential
orientation*, for whichttilted datasets are typically required. Moreover,
UFG can provideaflatand uniforminteraction surface with functional
ligands, thus enabling a more controllable bioactive functionalization
for high-affinity and bio-friendly recognition of the target biomol-
ecules. As well as its use in atomic-resolution EM imaging, the design
of UFG could be generalized to other 2D materials to further extend the
applications to drug discovery, high-performance electronic devices
and separation membranes.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Astep-by-step protocolis available in the Supplementary Information.

Production of wafer-scale Cu(111)/sapphire substrate

The single-side polished C-plane (0001) sapphire wafers were pur-
chased from Jiangsu Helios. The sapphire wafer had an ultraflat surface
with an average roughness of <0.2 nm and a miscut angle of <0.5°.
Before Cu film deposition, the sapphire wafers were annealed at
1,000 °C for 6 h in an oxygen atmosphere. Then, a 500-nm-thick Cu
film was deposited onto the sapphire wafer by magnetron sputtering
within 30 min using the physical vapor deposition method (Sputter
film, SF2) with aradiofrequency power of ~300 W and a basal pressure
of ~0.15 Pa. Subsequently, the wafers were annealed in a tube furnace
at1,000 °Cwith500 standard cubic centimeters per minute (sccm) Ar
and 10 sccm H, at atmospheric pressure for 1 h to seal the Cu(111) thin
film to the sapphire substrate.

Chemical vapor deposition growth of ultraflat graphene on
Cu(111)/sapphire

The Cu(111)/sapphire wafer was placed on the surface of the other
sapphire wafer (Supplementary Fig. 7) in a tube furnace. To synthe-
size the 4 inch UFG, the Cu(111) wafer was heated to 1,000 °C within
60 minunder aflow of 2,000 sccm Arand 40 sccm H, at atmospheric
pressure, and then 40 sccm CH, (0.1% diluted in Ar) was introduced
for graphene growth. Usually, it took 2 h for graphene to fully cover
the surface of the Cu(111) wafer. CH, gas flow was shut down as soon
as the growth was completed, and the sample was then cooled to
room temperature.

Chemical vapor deposition growth of graphene on copper foil
Commercially available Cu foil (Alfa Aesar 46986 or 46365) was used
togrow graphene film. The Cufoil wasfirst electrochemically polished
inphosphoricacid and ethylene glycol solution (v/v 3:1) with avoltage
of2.4 Vfor12 min. The polished copper foil was rinsed with deionized
water and ethanol in sequence to remove the electrolyte. A nitrogen
guncanbe used tofacilitate the drying process of polished copper foil.
The copperfoilwasthenannealed at 1,000 °Cfor 0.5 hinatube furnace
under aflow of 100 sccm H, with a corresponding pressure of ~100 Pa.
Subsequently, 1sccm CH, was introduced into the tube furnace for
graphene growth. After 1 h the graphene film was synthesized on the
copper foil. Finally, the graphene/copper foil was pulled out quickly
from the heating area of the tube furnace and cooled down to room
temperature under the flow of H,.

Transfer of graphene onto transmission electron microscopy
grids

Face-to-face transfer. Commercial Au holey carbon grids (Quanti-
foil, Au300 or 200 mesh R1.2/1.3) were used to prepare the graphene
grids. Note that the grids with copper bars should be avoided because
the copper bars can be etched by the (NH,),S,05 aqueous solution.
To transfer UFG from the Cu(111)/sapphire wafer to the transmission
electron microscopy (TEM) grids we placed a batch of TEM grids on
the wafer. We then dropped a few droplets of isopropanol to cover
the surface of these TEM grids. After the solution was volatilized, the
TEM grids and UFG were combined (Supplementary Fig. 8). The same
procedure was carried out to combine the TEM grids and rough gra-
phene on the copper foil.

Etching. The grids/graphene/Cu(111)/sapphire composite was sub-
merged ina1M (NH,),S,0¢ aqueous solution to etch the Cu(111) film
away, to produce graphene grids with UFG covering the holey carbon
film. For the etching of the copper foil, the grids/graphene/copper foil
composite was floated on the surface of an (NH,),S,04 solution because
the copper foil was light enough to be supported by the surface tension
of the solution*.

Rinsing. Graphene grids were submerged in deionized water to wash
away theinorganicsalts. They were then transferred intoisopropanol
for further rinsing.

Drying. The graphene grids were typically dried in the super-clean
room to avoid extra contaminants after being removed from the iso-
propylalcohol.

Glow discharging of graphene grids

To render the hydrophilic graphene grids, graphene grids were
glow-discharged for ~12 s using the ‘low’ setting of a plasma cleaner
(Harrick, PDC-32G) after the chamber was evacuated for 2 min.

Atomic force microscopy nanoindentation
The mechanical properties of suspended graphene membranes were
measured in nanoindentation experiments using an Asylum Cypher
ES system. A single-crystal diamond probe (ART D300, SCD Probes)
with a tip radius of ~-10 nm was used, and the cantilever stiffness was
30.85N m™as calibrated using the Sader method*. A constant deflec-
tion rate of 500 nm s was used in all of the tests.

The pre-stress and elastic modulus were extracted fromtheinden-
tation force versus depth data, using the previous model by Lee et al.**:

3
F = (z0™)6 + (EZD:]—z)(P,

where F is the applied load, 0®® and E*® are the 2D pre-stress and
Young’s modulus of the nanosheets, respectively, § is the indenta-
tion depth and ris the radius of the microwells. The dimensionless
constant ¢ =1/(1.05 - 0.15v - 0.16V?), in which v=0.165 is the Poisson
ratio for graphene**. The breaking force and mechanical strength of
suspended graphene were directly measured on the graphene grids
(Quantifoil R1.2/1.3). Young’s modulus of suspended graphene and
the pre-tension were directly measured on the rigid Si;N, graphene
grids (R1.2/1.3) to prevent the deformation of holey substrates during
the nanoindentation.

Modeling and simulations of graphene rippling

Finite element simulations were performed in ABAQUS software. A
circular monolayer graphene sheet with adiameter of 1.2 pum was mod-
eled as a linear elastic isotropic plate using the four-node shell (S4R)
element. The following parameters were adopted: Young’s modu-
lus E=1,000 GPa, v=0.165 and thickness ¢ = 0.335 nm. Two types of
graphene models were prepared for comparison. For a UFG sheet,
radial displacement is imposed on the circular boundary to impose a
pre-stress0®® = 0.2 N m™. Arough graphene sheet is formed by squeez-
ing the circular plate along x (displacement equal to 10 nm), which
leads to buckling of the plate with a ripple amplitude of ~5 nm. Both
graphene sheets then underwent uniformin-plane shear of10-100 kPa
inthe x direction.

Effect of pre-tension in UFG on the particle motion reduction

As noted by Naydenova et al.*?, the compressive stress will build up in
the thinice owingto the inhibited volume change when the liquid water
coolsrapidly and turns into vitreous ice. Naydenova et al. have shown

that the largest volumetricstraininiceis (%’) ~ 0.06. Assuming that
max

iceisan isotropic ligear elasticmaterial, the radial compressive strain

isabout & =-3(7) ~~ —-0.02, Taking E;..~1GPa and v,..= 0.3 as

Young’s modulus and Poisson’s ratio of amorphous ice, respectively,

lf\;e £ ~ —0.029 GPain the

thereisaradial compressive stress of o, =

ice layer (or equivalent to N,~—0.58 N m™in 2D stress form given that
the ice layer thickness is 20 nm). Note that the negative sign means a
compressive stress and strain.

Nature Methods


http://www.nature.com/naturemethods

Article

https://doi.org/10.1038/s41592-022-01693-y

According to the physical theory of ice bending®, the critical
compression for a clamped circular membrane to buckle can be

3 . . .
Y;{(;ialzf;) inwhich £, h.and v, are the effective

Young’s modulus, total thickness and effective Poisson’s ratio of the
UFG-ice composite layer, respectively. Applying the rule of mixtures,
we canestimate £, = 16.4 GPaand v, = 0.3. Therefore, the critical com-
pression for the UFG-ice layer tobuckleis N, = -0.13Nm™.

For UFG, our nanoindentation tests have shown an aver-
age pre-tension of approximately 0.2 N m™. Thus, the maximum
effective compressive stress in the UFG-ice composite layer is
-0.58+0.2=-0.38 N m™. Therefore, the calculations above suggest
that although the UFG-ice layer might still buckle eventually, the
pre-tensionin UFG caneffectively delay the buckling, and the maximum
compressioniniceis also notably reduced (from-0.58 N m™ down to
-0.38 Nm™). In contrast, the rough graphene has no pre-tension to
compensate for the compressionin the ice layer, therefore the rough
graphene-ice composite layer has much less resistance to buckling.

approximated by N, = —

AFM, SEM and STEM characterizations

The morphologies of graphene films on growth substrates and sus-
pended graphene membranes on EM grids were characterized by
atomic force microscopy (AFM) in tapping mode (Bruker Dimen-
sion Icon with Nanoscope V controller). The coverage of suspended
graphene membranes on the graphene grid was collected using
scanning electron microscopy (SEM) (2 kV, Hitachi S-4800), and the
aberration-corrected scanning transmission electron microscopy
(STEM) images of graphene were carried out using a Nion U-HERMS200
microscope at 60 kV.

Cryo-EM specimen preparation

Streptavidin was purchased from New England Biolabs (catalog no.
N7021S) and hemoglobin was purchased from Sigma-Aldrich (catalog
no. H7379). For 20S proteasome purification™ we first constructed a
plasmid containing the a.and  subunits of the 20S proteasome, and the
amino terminus of the  subunit was His-tagged. The plasmid was then
transformed into Escherichia coli-competent cells and left overnight
for expression. The cells were centrifuged and sonicated to obtain the
celllysates, which were finally loaded onto a nickel column (GE Health-
care) for affinity purification. For a-fetoprotein we first transfected the
recombinant vector of pCAG-afp-His-Strep into HEK-293F cells. After
transfection the cells were cultured for 2 days and then collected by
centrifugation. The pellets were resuspended in lysis buffer and loaded
onto Strep-Tactin XT for affinity purification. We then performed gel
filtration to obtain the purified a-fetoprotein sample®.

A3 pl drop of a sample solution containing 0.2 uM 20S protea-
some or 0.1 pM streptavidin or 6 mg mI™ hemoglobin or 1 uM human
o-fetoprotein was pipetted onto graphene grids, which had been previ-
ously glow-discharged. The grids were transferred into an FEI Vitrobot
with humidity at 100% and temperature at 8 °C and blotted for 1 s with
aforce of -2. Afterward, the grid was plunge-frozeninto liquid ethane
and keptinliquid nitrogen for further cryo-EM imaging.

Cryo-EM data collection and processing

We used AutoEMation Software*® written by J. Lei at Tsinghua Uni-
versity to automatically collect single-particle datasets on an FEI
Titan Krios (300 kV), equipped with an energy filter and a Gatan K3
summit detector, with an accumulated dose of 50 e” A2 All of the
movies contained 32 frames, which were motion-corrected using
the MotionCor2 algorithm*. The contrast transfer function (CTF)
values were estimated using CTFFIND4*¢. We then used Relion3.1*
to select the particles and performed iterative 2D classification to
discard bad particles. The remaining good particles were imported
for 3D classification and refinement. For hemoglobin, C2 symmetry
was imposed in the 3D refinement with a final particle number of

105,000 (Supplementary Table 2), and the reported resolution was
3.5 A. To generate the atomic model of hemoglobin, the previously
published coordinate (Protein Data Bank: 7VDE)*° was docked into the
cryo-EM map and real-space refined in PHENIX®'. For a-fetoprotein we
collected 2,290 micrographs and used 354,264 particles in the final
3D reconstruction to obtaina2.6 A density map. For streptavidin, D2
symmetry was applied in the 3D refinement step. The resolution (2.2 A)
was determined using Fourier shell correlation (FSC) = 0.143 as the
cut-off criterion, and the final particle number used here is 260,390
(Supplementary Table 2). The Figures showing structural detail were
generated in UCSF Chimera®.

We performed CTF refinementin Relion3.0 to estimate the local
defocus of particlesinindividual micrographs and plotted the defo-
cusrange. To measure the particle motion on graphene support, we
performed Bayesian polishing to determine the particle coordinates
ineach frame. These coordinates were then used to calculate the root
mean squared displacements of each particle and plotted versus
dose. We carried out three particle-motion measurements of both
UFG and rough graphene, each of which was based on thousands
of particles.

Cryo-electron tomography analysis

Cryo-ET tilt series were acquired using SerialEM software™ from +60°
to —60° with a step of 3°, on an FEI Titan Krios microscope (300 kV)
equipped with a Gatan K2 camera. At eachtilt angle, we collected mov-
ies containing 8 frames, with a sum dose of -3 e” A2 s, and the total
dose for every tilt series (+60° to —60°) was 120 e” A The pixel size
was 1.25 A. The movies were first motion-corrected by MotionCor2*
and then imported into Etomo®* for alignment and reconstruction.
The position of protein particles inside the ice was manually identified
and plotted®.

Statistics and reproducibility

The experiments in Fig. 2b,e,g,h, Extended Data Figs. 1a,b,d,e,
2a,b,d,3a,d,4a-f,5a,b and Supplementary Figs. 1b-f, 2a-i,3a-c were
repeated more than five times independently with similar results,
includingthe growth of UFGand rough graphene, preparationand char-
acterizations of suspended UFG and suspended rough graphene. The
experiments related to Fig. 3f and Extended Data Fig. 6a for UFG and
those related to Fig. 3g and Extended Data Fig. 6b for rough graphene
were both repeatedin more than five grids independently, with similar
results. Fifty micrograph pairs for rough graphene (related to Fig. 4d
and Extended Data Fig. 7) and 32 micrograph pairs for UFG (related
to Fig. 4h), and five tilt-series datasets for rough graphene (related to
Fig. 4a) and 10 tilt-series datasets for UFG (related to Fig. 4e) were
collected, demonstrating similar results. For single-particle cryo-EM
dataset collection, we collected 5,604 micrographs for hemoglobin
(Fig.5a),2,290 micrographs for a-fetoprotein (Fig. 5d) and 2,332 micro-
graphs for streptavidin (Fig. 5g).

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The coordinates and density maps of streptavidin, hemoglobin and
o-fetoprotein have been deposited in the RCSB Protein Data Bank
(PDB) under the accession numbers 8GVK, 7XGY and 7YIM, and the
EMDB under the accession numbers EMD-32099, EMD-33189 and
EMD-33861, respectively. The raw cryo-EM dataset of streptavidin,
containing the unaligned movies and particles, has been deposited
into EMPIAR under accession number EMPIAR-11217. Any additional
data supporting the findings in this manuscript are available from
the corresponding authors upon reasonable request. Source dataare
provided with this paper.
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Extended Data Fig. 1| Roughness of graphene oxide on mica and suspended
graphene membranes on the holey substrate. a, Typical atomic force
microscopy (AFM) image of graphene oxide nanosheets on mica. b, AFM image
showing the thin area of graphene oxide from the marked regionin (a). The arrow
reveals the wrinkle of graphene oxide. ¢, Height profile along the white line as
marked in (a). The maximum height difference of graphene oxide nanosheets
canreach-20 nm.d, Typical scanning electron microscopy (SEM) image of
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rough suspended graphene ona TEM grid, which was transferred from the
CVD graphene grown on the copper foil. The arrow reveals wrinkles of rough
graphene. e, Typical AFM image of rough suspended graphene on a TEM grid.
The arrows reveal the wrinkles on the suspended graphene surface. f, Height
profiles along the white lines as marked in (e). The maximum height difference
of rough suspended graphene canbe up to10-20 nm. Source data are provided
asaSource Datafile.
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Extended Data Fig. 2 | Rough graphene film on the copper foil. a, A large- images revealing dense step bunches and wrinkles on the graphene surface
area optical microscopy (OM) image of rough graphene film on the copper from the marked regions in (a). e, Height profiles along the red lines in (d),
foil. The arrow reveals a typical rolling line. b, A high-magnification OM image demonstrating the height differences of step bunches can reach several tens of
showing the rolling lines on the copper foil. ¢, White light interference (WLI) nanometers at alateral scale of 5 um. Scale bars, 1 pm. Source data are provided

showing the height variations of rough graphene on the copper foil. The arrow asaSource Datafile.
reveals arolling line where the height difference is ~400 nm. d, Typical AFM
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Extended Data Fig. 3 | Ultraflat graphene on the Cu(111)/sapphire wafer.

a, Alarge-area OM image of UFG on the wafer-scale Cu(111)/sapphire. Inset:
the high-magnification OM image shows that no rolling lines were observed on alongthe greenlinesin (d), showing that the maximum height variations of UFG

the Cu(111)/sapphire. b, XRD pattern of Cu(111)/sapphire, proving the single-
crystal Cu(111) film on the sapphire(a-Al,O,). ¢, White light interference (WLI)

AFMimages revealing the atomically flat graphene surface from the marked
regionsin (a). No step bunches and wrinkles were observed. e, Height profiles

aretl nmatalateral scale of 5um. Scale bars, 1 pm. Source data are provided as a
Source Datafile.

showing the ultraflat surface of graphene film on the Cu(111)/sapphire. d, Typical
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Extended Data Fig. 4 | Surface roughness of UFG and rough graphene.

a-c, AFM images of rough suspended graphene membranes, where dense
wrinkles were observed. The dark holes in (b) indicated the broken graphene
regions. Scale bars, 3 pm. d-f, AFM images showing the ultraflat suspended
graphene membranes with no wrinkles and superior coverage rate. Scale bars,

3 um. g, Distributions of average surface roughness (R,) of suspended UFG
membranes (olive) and rough graphene membranes (red). Insets: typical 3D AFM

Maximum height difference (AH) (nm)

images of suspended UFG (left) and rough graphene (right), respectively. The R,
of ultraflat suspended graphene is ~0.7 nm, apparently smaller than that of rough
suspended graphene (-2 nm). h, Distribution of maximum height difference (AH)
along the diameter of suspended UFG (olive) and rough graphene (red). Insets:
typical height profiles of suspended UFG and rough graphene, respectively. Most
AH of UFG distributed around 2 nm, while AH of rough graphene exhibited an
uneven distribution (10 + 6 nm). Source data are provided as a Source Data file.
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Extended DataFig. 5| Comparison of mechanical properties between
suspended UFG and rough graphene. a, Typical AFM image of suspended UFG
onthegrid. b, Representative AFM image of suspended rough graphene. The
arrows reveal wrinkles in rough graphene. ¢, Typical force-indentation depth
curves of suspended UFG (olive) and rough graphene (red). Meanwhile, the
average breaking forces of UFG and rough graphene were shown in the plot.
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d, Distribution of breaking forces of suspended UFG (olive) and rough graphene
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(red). The average breaking force of UFG (956 nN) was almost twice as large
asthat of rough graphene (-541 nN). e, Typical force-indentation depth curves
showing the deformations of suspended UFG (olive) and rough graphene (red)
attheinitial stage of AFM indentation. f, Comparison of Young’s modulus
between UFG (olive) and rough graphene (red). Source data are provided as a
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a Vitreous ice on ultraflat graphene

b Vitreous ice on rough graphene

Wavy ice

Extended Data Fig. 6 | Square atlases of vitreous ice on the UFG and rough graphene. a, Cryo-EM images revealing the uniform vitreous ice on the suspended UFG.
Theintensities in all these holes were evenly distributed. b, Cryo-EM images showing that the intensities cross individual holes were unevenly distributed, indicating
non-uniformice thickness. Scale bars, 5 pm.
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Extended Data Fig. 7 | Cryo-EM characterizations of vitreous ice on rough therough graphene-supported specimen with an energy filter and found that
graphene. a-b, Cryo-EM images of vitreous ice on rough graphene without (a) the background intensity was obviously different across the imaging region
and with (b) energy filter. Scale bars, 100 nm. The energy filter can significantly (b). We further took another image at the same site without energy filter (a) and
enhance the single-to-noise ratio by filtering the inelastic scattering electrons measured the intensities ratio of the non-energy-filtered and energy-filtered

and has been used for determining the ice thickness via the intensity comparison region, and finally obtained the ice thickness variation across the micrograph.
of the filtered and non-filtered micrographs for the desired region. We imaged
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Extended Data Fig. 8 | Performance comparison of UFG and rough graphene
for cryo-EM imaging. Performance as revealed by the number of 20S
proteasome particles required for cryo-EM structure determination to achieve
acertain resolution. The UFG (orange) exhibited superior performance in
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achieving a higher resolution with the same number of particles when compared

withrough graphene (RG, blue). The Henderson B factors were extracted from
the slopes of fitted lines (B factor=2/slope). The B factor of particles on UFG (97)
was smaller than that on rough graphene (117). Source data are provided as a
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Extended Data Fig. 9 | Resolution and particle orientational distribution respectively. FSC = 0.143 was indicated by the dotted line, used for estimating the
of biomolecules with small molecular weight (<100 kDa). a-c, The Gold- resolution. d-f, Particle orientational distributions of hemoglobin (d), alpha-
Standard Fourier Shell Correlation (FSC) curves of 64-kDa hemoglobin (a), fetoprotein (e) and streptavidin (f), respectively. Source data are provided asa
67-kDa alpha-fetoprotein (b), and 52-kDa streptavidin (c) reconstructions, Source Datafile.
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Extended Data Fig.10 | The Cryo-EM data-processing workflow of streptavidin (52 kDa) supported by the UFG grid.
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Data collection ~ We used ABAQUS 2017 software to perform finite element simulations of graphene rippling. We used AutoEMation software to collect single-
particle cryo-EM datasets, written by Dr. Jianlin Lei at Tsinghua University. We used SerialEM (version 3.8) software to collect tilt series.

Data analysis We used MotionCor2 (version 1.1.0) to correct the beam-induced motion of cryo-EM micrographs and used Relion (version 3.1.3) to perform
3D reconstruction. The CTF values of these motion-corrected micrographs were determined by CTFFIND4 algorithm (version 4.15). The
structural analysis was performed in UCSF Chimera (version 1.13.1). The coordinate was generated in PHENIX (version1.14-3260). For cryo-ET
reconstruction, we used Etomo (version 4.11) to align and reconstruct the tomograms. All these softwares are open-source. All these
softwares are open-source.
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Data supporting the findings in this manuscript are available from the corresponding authors upon reasonable requests. The coordinates and density maps of
streptavidin, hemoglobin and alpha-fetoprotein have been deposited in the RCSB Protein Data Bank (PDB) under the accession number 8GVK, 7XGY and 7YIM, and
the EMDB under accession number EMD-32099, EMD-33189 and EMD-33861, respectively. The raw cryo-EM dataset of streptavidin, containing the unaligned
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movies and particles, has been deposited into EMPIAR under accession number EMPIAR-11217. Source data of Fig. 2c, Fig. 3b and ¢, Fig. 4b, d, f, h, i, jand k,
Extended Data Fig. 1c and f, Extended Data Fig. 2e, Extended Data Fig. 3b and e, Extended Data Fig. 4g and h, Extended Data Fig. 5c-f, Extended Data Fig. 8, and
Extended Data Fig. 9a-c are provided as Source Data files.
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Sample size For cryo-EM analysis, the particle numbers used for the final reconstructions of hemoglobin, alpha-fetoprotein and streptavidin were 105,000,
354,264 and 260,390, respectively, and the reported resolutions were 3.5 A 2.6Aand2.2 A, respectively, estimated by the Fourier Shell
Correction (FSC)=0.143 cutoff criteria. In cryo-EM field, particle number used for final structural reconstruction varies greatly, which is well
acceptable for such sample size used here.
To plot and compare the distribution of defocus ranges, we used 313 UFG-supported micrographs and 324 RG-supported micrographs. For
cryo-EM reconstruction of 20S proteasome, we normally collect hundreds of micrographs, which are enough for us to get a reconstruction at
near-atomic resolution and analyze the defocus ranges.
To measure the particle motion, we carried out three particle-motion measurements of both UFG and RG, every of which was based on
thousands of particles. Such example size and times of repeated experiments have been widely used to characterize beam-induced motion.

Data exclusions  For cryo-EM reconstruction, particles grouped in bad classes with poorly defined features were excluded, because these particles were
normally denatured or dissociated samples, which were harmful for high-resolution 3D reconstruction.

Replication Particle-motion measurements were repeated 3 times (as indicated in Methods), and all attempts at replication were successful with similar
results.

Randomization  Samples were allocated random, including the particle-motion and structural determination in Relion (version 3.1.3).

Blinding For cryo-EM reconstruction in Relion (version 3.1.3), particles were randomly divided into two parts, and used for 3D structure determination.
The consistence of structures generated by these two sub-datasets was used for the blinding test. The investigators were blinded to group
allocation during data collection and/or analysis.
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