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Self-assembled superstructure alleviates
air-water interface effect in cryo-EM

Liming Zheng 1,12, Jie Xu2,3,12, Weihua Wang4,12, Xiaoyin Gao1,12,
Chao Zhao 5,6,7 , Weijun Guo1, Luzhao Sun 8, Hang Cheng9, Fanhao Meng9,
Buhang Chen8, Weiyu Sun1,10, Xia Jia2,3, Xiong Zhou 1, Kai Wu 1,
Zhongfan Liu 1,8, Feng Ding 5,6,7, Nan Liu 2,11 , Hong-Wei Wang 2,3 &
Hailin Peng 1,8,10

Cryo-electron microscopy (cryo-EM) has been widely used to reveal the
structures of proteins at atomic resolution. One key challenge is that almost all
proteins are predominantly adsorbed to the air-water interface during stan-
dard cryo-EM specimen preparation. The interaction of proteins with air-water
interface will significantly impede the success of reconstruction and achiev-
able resolution. Here, we highlight the critical role of impenetrable surfactant
monolayers in passivating the air-water interface problems, and develop a
robust effective method for high-resolution cryo-EM analysis, by using the
superstructureGSAMswhich comprises surfactant self-assembledmonolayers
(SAMs) and graphene membrane. The GSAMs works well in enriching the
orientations and improving particle utilization ratio of multiple proteins,
facilitating the 3.3-Å resolution reconstruction of a 100-kDa protein complex
(ACE2-RBD), which shows strong preferential orientation using traditional
specimen preparation protocol. Additionally, we demonstrate that GSAMs
enables the successful determinations of small proteins (<100 kDa) at near-
atomic resolution. This study expands the understanding of SAMs and pro-
vides a key to better control the interaction of protein with air-water interface.

Although cryo-EM has emerged as a powerful technique to reveal the
high-resolution structures of biological macromolecules at close-to-
native state, its current achievements still significantly fall short of
their theoretical potential1. During the cryo-EM specimen preparation,
the biomolecules are embedded in a thin liquid film and rapidly cooled

down to liquid-nitrogen temperature. The interaction of biomolecules
with air–water interface is widely recognized as a significant challenge,
which limits successful reconstruction and achievable resolution1–6.
The air–water interface often leads to the problems of preferential
orientation and irreversible unfolding of protein particles. The
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unfolding of proteins at air–water interface is a thermodynamically
downhill process and results in the denaturation of protein particles7.

To address this issue, a widely-used strategy is passivating the
air–water interface using electron-transparent windows, like the surfac-
tantmolecules8–12 and affinity supporting films13–22. The use of surfactant
has been long explored in preparing desirable cryo-specimen over the
past three decades10,11. The amphiphilic surfactant can form the self-
assembled monolayers (SAMs) at the air–water interface. These mono-
layers function as a protective barrier, preventing direct contact of the
particles with the air–water interface and ensuring they remain in the
liquid phase9. However, the choice of surfactant remains a try-and-error
process, and very little is known about the interaction of protein with
surfactant at the air–water interface. The protein particles can easily
penetrate the fragile surfactant monolayers and eventually interact with
the air–water interface1 (Fig. 1a). This may be a critical reason why
optimization efforts for achieving the optimal surfactant yield varying
results from one protein case to another, with none consistently per-
formingwell across various proteins. Besides, the presence of surfactant
monolayers leads to contrast loss of images, posing a challenge in
determining the structures of small biomolecules (<100kDa), most of
which are low-contrast and have not yet been resolved by cryo-EM3.

Graphene grids have been adopted by many groups to address
the air–water interface issue in cryo-EM. Various graphene functiona-
lization strategies, such as low-energy plasma, ultraviolet/ozone
treatment, and bioactive ligandmodification16–22, have been developed
to meet customized purposes during specimen preparation and have
proven successful in various cases. However, the fabrication of high-
quality and large-batch graphene grids remains amajor barrier to their
widespread application in the cryo-EM field.

In this work, we assemble the surfactants SAMs on themonolayer
graphene membrane, to generate an impenetrable surfactant super-
structure namedGSAMs (Fig. 1b). Unlike conventional surfactant SAMs
at the air–water interface, the surfactant molecules lie flat on the
graphene surface (Fig. 1b), rendering the thickness of GSAMs mem-
brane approximately 3 or 4 atoms and minimizing the background
noise. The GSAMs membrane facilitates a more robust and straight-
forward graphene transfer process. In addition, the GSAMsmembrane

can efficiently anchor the proteins with enriched orientations at the
GSAMs-water interface, alleviating the interface problems at both the
air–water and graphene-water interfaces and improving the efficiency
of cryo-EM analysis (Fig. 1c, d). This GSAMs superstructure enables us
to achieve high-resolution reconstructions of several small biomole-
cules (<100 kDa), including a 2.6-Å resolution reconstruction of
streptavidin (52 kDa), a 3.9-Å resolution reconstruction of human
angiotensin-converting enzyme 2 (ACE2, 60 kDa), and a 3.3-Å resolu-
tion reconstruction of the complex formed by ACE2 and SARS-CoV-2
Spike protein receptor binding domain (ACE2-RBD, 100 kDa).

Results and discussion
Synthesis and characterization of free-standing GSAMs
To synthesize GSAMs, we first coated the surface of graphene/copper
foil with stearic acid, one of the most common fatty acids in nature,
which has beenwidely used in cleansers and soaps as a surfactant. This
was simply achieved by dropping the solution (stearic acid dissolved in
isopropanol) onto the graphene surface. After the evaporation of
solvent, the SAMs of stearic acid were spontaneously formed (Fig. 2a).
The molecular arrangements of SAMs on graphene were determined
using scanning tunneling microscopy (STM) at a molecular resolution
(Fig. 2b). The brighter stripes in the STM image represent the alkyl
chains of stearic acid [CH3(CH2)16COOH], while the darker areas indi-
cate the carboxyl groups. The assembled structure is correspondingly
modeled in Fig. 2c, where the stearic acid molecules pack closely in a
long-range order on the graphene surface. The periodic spacings of
SAMs lattice are defined in two directions: one is ~19.2Å, generated by
the head-to-head interaction of adjacent molecules through the for-
mation of two hydrogen bonds, and the other is ~4.2Å, determined by
calculating the average space of neighboring alkyl chains.

Benefiting from this well-ordered structure, the inch-size GSAMs
was robust and remained free-standing at the air–water interface after
the underlying copper substrate was etched off (Fig. 2d). In contrast,
the graphene without SAMs coating was cracked and folded into gra-
phene scrolls (Supplementary Fig. 1). The free-standing GSAMs mem-
brane facilitates the graphene transfer process. Compared with the
conventional polymer-assisted transfer method (such as using

GSAMsGraphene without SAMs Enriched orientationsPreferred orientation

c d 
Cryo-EM

Penetrable Surfactant SAMs

Protein at air-water interface Impenetrable GSAMs

a b 

Air-water interface2 nm

0.9 nm

Ice

Gr

Air

water

Fig. 1 | GSAMs membrane alleviating the air–water interface effect in cryo-EM
analysis. a Schematic illustration showing the surfactant self-assembled mono-
layers (SAMs) at the air–water interface are easily penetrated by the protein par-
ticles, leading to the preferential orientation of particles. b Particles with various
orientations adsorbed on the impenetrable GSAMs superstructure, where

surfactant SAMs lie flat on the graphene (Gr). The thickness of GSAMs (~0.9 nm) is
thinner than that of surfactant monolayer (~2 nm) standing upright in (a).
c, d Schematic illustrations showing the protein particles adsorbed on the GSAMs
membrane with enriched orientations (d) compared to those on the pristine gra-
phene surface (c).
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polymethylmethacrylate), which is often an arduous process resulting
in low-coverage and contaminated graphene surface23–25, the SAMs
enable simpler and more practical graphene transfer onto the grids
with a high yield (Supplementary Fig. 2, Supplementary Movie 1,
“Methods”). The large-area suspended GSAMs membranes on the grid
exhibit a near-perfect coverage of ~99.5% (Fig. 2e). The thickness and
surface roughness of GSAMs were measured by atomic force micro-
scopy (AFM). The thickness of GSAMs is ~0.9 nm (Supplementary
Fig. 3a). Considering that graphene is atomically thin with a thickness
of ~0.34 nm, the thickness of the SAMs layer is 0.5–0.6 nm, which
indicates the presence of a monolayer of SAMs on the graphene sur-
face. Furthermore, the suspended GSAMs membranes are flat, with an
average surface roughness of ~0.8 nm (Supplementary Fig. 3b).

We then used cryo-EM to characterize the superstructure of sus-
pended GSAMs. The well-aligned stripe-like patterns were clearly
resolved at cryogenic temperature (Fig. 2f), which was absent in the
traditional room-temperature EM characterization due to the irradia-
tion damage (Supplementary Figs. 4 and 5). The corresponding Fast
Fourier Transform (FFT) image displayed the diffraction patterns of
graphene and additional twofold-symmetry diffraction spots asso-
ciated with the SAMs (Fig. 2g). The twofold-symmetry spots indicated
the molecules of SAMs were packed in a stripe-like order on the gra-
phene, with the lattice parameters of 4.26 Å and 19.2Å. These results
were in good agreement with the STM characterizations (Fig. 2b, c).

We further performed theoretical simulations to investigate the
interactions between SAMs and graphene. After structural
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Fig. 2 | Synthesis and characterization of GSAMs superstructure. a Schematic
illustration showing the on-site assembly of GSAMs superstructure. After the eva-
poration of surfactant solution (left), the self-assembled monolayers of surfactant
molecules are spontaneously formed on the graphene/copper surface (middle).
The free-standingGSAMs superstructureon thewater surface can be achieved after
the copper foil is etched away (right). b Molecular-resolution STM image of sur-
factant (C17H35COOH)monolayer, where the stripe features correspond to the alkyl
chains of C17H35COOH. c The assembled structure model of C17H35COOH on the
graphene surface, based on the parameters in (b). d Inch-size free-standing GSAMs

membranes at the air–water interface. e Coverage statistics of suspended GSAMs
on theTEMgrid, the averaged coverage is ~99.5%. Inset: a representative SEM image
of suspended GSAMs membranes. f Cryo-EM image of suspended GSAMs on the
grid hole. The stripe-like patterns were clearly observed. g Fast Fourier Transform
(FFT) of GSAMs. The diffraction patterns of SAMs superstructure indicated the
stripe-like character with well-defined periodicities of 19.2 Å and 4.26 Å. h DFT
simulations of stearic acid molecules arranged along the zigzag direction of gra-
phene lattice. The chain spacing of C17H35COOH is 4.26Å, in agreement with the
experimental results. i Calculated electron diffraction patterns from (h).
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optimization, the SAMs of stearic acidmolecules formed and arranged
as strip-like structures on graphene (Fig. 2h). The binding energy
between graphene and SAMs was −199.02mJ/m2, demonstrating the
assembly process was spontaneous in thermodynamics. The alkyl
chains of stearic acid were along the direction of graphene lattice, and
the spacing of adjacent chain was 4.26 Å, the double of graphene lat-
tice (2.13 Å) (Fig. 2h). Accordingly, the calculated twofold-symmetry
diffraction spots of SAMs appeared with the same direction as gra-
phene lattice (Fig. 2i). These theoretical simulations were in excellent
agreement with our cryo-EM observations.

GSAMs membrane alleviates the air–water interface problem
GSAMs membranes, consisting of self-assembled amphiphilic surfactant
molecules, have periodic functional groups of carboxyl and alkyl chains,
offering diverse interaction manners with target protein particles. This
well-designed structure may not only prevent the protein adsorption at
the air–water interface but also provide a solution to the preferential
orientation problem. To test this idea, we characterized the spatial dis-
tributions of 20S proteasome particles in the vitreous ice layer using
cryo-electron tomography (cryo-ET). As shown in Fig. 3a, b, most pro-
teasome particles adsorbed at the air–water interfaces when the cryo-

specimen was prepared with traditional holey carbon support. We also
noticed the presence of preferential orientation andprotein debris at the
air–water interfaces (Fig. 3c). When the protein particles were supported
by GSAMs membrane, they tended to adsorb at the GSAMs-water inter-
face (Fig. 3d, e), and showeddiverse viewsof 20Sproteasomes, including
the side view (rectangle-shaped particle) and top view (ring-shaped par-
ticle) (Fig. 3f). In addition, the proportion of smaller particles, likely
protein debris, was significantly lower at the GSAMs-water interface than
at the air–water interface. These results revealed that the GSAMs could
effectively avoid the air–water interface interference, and enrich orien-
tations of proteins during the cryo-specimen preparation.

We further compared the efficiency of GSAMs with other
commonly-used surfactants in alleviating the air–water interface
effect. We collected the single-particle cryo-EM dataset of 20S pro-
teasome on the GSAMs, whose concentration was 0.6mg/mL before
being applied onto GSAMs. The protein particles exhibited high den-
sity on theGSAMs, displaying various orientations, including side view,
top view, and tilted views in between (Fig. 3g). Moreover, we found
multiple rounds of sample application and blottingwith GSAMsgrids26

could further reduce the concentration requirement (Supplementary
Fig. 6). In preparing the cryo-EM specimens with surfactants, such as
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CHAPSO (3-(3-cholamidopropyl-dimethylammonio)-2-hydroxy-1-pro-
panesulfonate) or DDM (dodecyl-β-D-maltoside), we observed that a
high concentration of 2.7mg/mL was necessary to achieve a suitable
particle concentration in the vitreous ice (Fig. 3h, i). The addition of
CHAPSO resulted in the clear observation of protein debris in cryo-EM
micrographs, indicating potential interaction and damage by the
air–water interface (Fig. 3h). Moreover, these particles showed amuch
lower density distribution compared to those on GSAMs (Fig. 3g).
Limited orientation issue was also observed in the presence of DDM
(Fig. 3i). We further tested the effects of GSAMs, CHAPSO and DDMon
another protein, the spike protein (Supplementary Fig. 7). At a low
concentration (0.6mg/mL), we observed evenly distributed and high-
density spike particles onGSAMs,whereas very fewparticleswere seen
in the presence of CHAPSO or DDM, even at a higher concentration
(2mg/mL). In addition, many small dots, likely protein debris, were
observed with CHAPSO. These data suggest that the surfactants used
as additives during cryo-EM specimen preparation do not function
consistently well, and the protein particles could penetrate the pro-
tective surfactant monolayer at the air–water interface. Thus, we
demonstrated that the impenetrable GSAMs membrane is much more
efficient and robust in passivating the air–water interface.

GSAMs enriches the orientations of proteins
To better assess the role of surfactant SAMs in enriching protein
orientations and exclude the effect of the underlying graphene, we
compared the orientational distributions of various proteins on the
GSAMs with those on pristine graphene, respectively. For the strep-
tavidin protein with D2 symmetry, only side view of streptavidin par-
ticles appeared on the pristine graphene surface, while both top view
and side view orientations emerged on the GSAMs (Supplementary
Fig. 8). Similar results were obtained for the 20S proteasome with
D7 symmetry. Particles on the GSAMs exhibited various orientations,
including side view and top view (Fig. 4a), but showed preferential
orientation of side view on the pristine graphene that was consistent
with previous reports27 (Fig. 4b, Supplementary Fig. 9). We also cal-
culated the orientational distribution efficiencies of the 20S protea-
some with the addition of CHAPSO (Fig. 4c) and DDM (Fig. 4d),
resulting in efficiencies of 0.82 and0.12, respectively. Interestingly, the
orientational distribution efficiency of the 20S proteasome with
CHAPSOwas higher than that onGSAMs,whichwas0.52. This suggests
that although CHAPSO did not protect some particles from air–water
interface damage, the remaining particles adsorbed at the surfactant
adopted a richer variety of orientations, consistent with other
studies12.

We further tested the orientational distributions of other mac-
romolecules without symmetry on the GSAMs. During the COVID-19
pandemic, SARS-CoV-2 virus infects human beings through a high-
affinity interaction between its Spike protein with ACE2 protein on
mammalian cell membrane. We applied the Spike protein of SARS-
CoV-2, ACE2 protein, and the complex of ACE2-RBD onto the GSAMs,
and performed the single-particle cryo-EM analysis (Supplementary
Table 1). Our findings revealed diverse orientational distributions for
all these samples on the GSAMs (Fig. 4e, g, i). In contrast, the Spike
protein exhibited a preferential orientation on the pristine graphene,
and the orientational distributions of the other two proteins also
differed from those observed on GSAMs (Fig. 4f, h, j, Supplementary
Fig. 10). More specifically, we calculated the orientational distribu-
tion efficiencies of these proteins28. We discovered that there was a
more even and efficient distribution of orientations for all these
proteins when they were placed on GSAMs compared to pristine
graphene (Fig. 4k).

To examine the capability of GSAMs in preserving the proteins’
native structures, we sought to determine the particle utilization ratio,
which refers to the proportion of the final number of particles used for
structural reconstruction relative to the total particle number initially

obtained from the raw micrographs (Fig. 4l). We found that, for 20S
proteasome, Spike protein, ACE2, and ACE2-RBD complex, the GSAMs
generally yielded higher particle utilization ratio than the pristine
graphene (Fig. 4l). Especially for the Spike protein and ACE2-RBD
complex, which consist of multiple polypeptides, the particle utiliza-
tion ratio on GSAMs (~0.722 for Spike and ~0.561 for ACE2-RBD) were
significantly higher than those on pristine graphene membrane
(~0.442 for Spike and ~0.187 for ACE2-RBD). These results suggest that
the impenetrable surfactant monolayers on the GSAMs enhance cryo-
EM structural reconstruction efficiency, likely due to the GSAMs alle-
viating the interface issues and enriching the protein orientations.

GSAMs enables the high-resolution cryo-EM reconstruction
The GSAMs superstructure, owing to its atomically thin thickness, is
supposed to generate minimal background noise. Therefore, the
GSAMs is particularly beneficial for cryo-EM reconstruction of mac-
romolecules with small molecular weight. In our practice, we applied
the GSAMs to the cryo-EM reconstruction of various macromolecules
with molecular weight ranging from 700 kDa to 52 kDa.

The attempt to reconstruct the ACE2-RBD structure using a
commonly-used holey carbon film failed due to limited orientations
at the air–water interface (Fig. 5a). In contrast, successful recon-
struction at a resolution of 3.3 Å was achieved on GSAMswith various
orientations (Fig. 5b, c). Using GSAMs, we reconstructed the cryo-EM
structure of 20S proteasome at a 2.0-Å resolution, enabling clear
resolution of the hole in the benzene ring at such high resolution
(Fig. 5c, Supplementary Fig. 11a, b). We were also able to successfully
determine the cryo-EM structures of small macromolecules, such as
ACE2 (60 kDa) and streptavidin (52 kDa), at resolutions of 3.9 Å and
2.6 Å, respectively (Fig. 5d, e, Supplementary Figs. 11c–f and 12).
These results highlight the effectiveness of the GSAMs as a good
supporting substrate for determining high-resolution cryo-EM
structures of biomolecules, especially for those with small molecular
weight (<60 kDa).

In summary, we have successfully synthesized the inch-size
GSAMs superstructure by assembling the surfactant monolayers on
graphene membrane. We showcase the potential of impenetrable
surfactant monolayers of GSAMs to alleviate the air–water interface
problem in high-resolution cryo-EM analysis. The GSAMs membranes
effectively accommodate various proteins, providing a key to getting
better control of the interactions between protein and air–water
interface. The GSAMs exhibits the ability to enrich the orientational
distributions of various proteins, enabling high-resolution structural
determination of macromolecules with wide-range molecular weights
from 700 to 52 kDa. Thus, our work opens an avenue in cryo-EM ana-
lysis of biological samples in aspects of both fundamental under-
standings and technological applications. Beyond cryo-EM, we believe
the GSAMs membranes are promising in the fields of drug delivery,
separating membranes, and self-assembly science.

Methods
Preparation of high-quality graphene films
Graphene films with large single-crystal domains were prepared via
chemical vapor deposition (CVD) method. 27-μm-thick Cu foils (Kun-
shan Luzhifa Electron Technology Co., Ltd., China) were placed in a
homemade low-pressure CVD system, which is equipped with a 6-inch
quartz tube and three heating zones.An asynchronous heatingprocess
and a temperature gradient were applied to the Cu foils, which pro-
moted the enlargement of Cu single crystals29. Then the samples were
annealed for 30min in a mixture of Ar and O2 (PAr = 1000Pa,
PO2 = 0.4 Pa) and 10min in a mixture of Ar and H2 (PAr = 500 Pa,
PH2 = 500Pa), respectively. The graphene growth proceeded under a
gas mixture of H2 (PH2 = 500Pa), Ar (PAr = 500 Pa), and CH4

(PCH4 = 1.6 Pa) for 90min. The CVD chamberwas cooled down to room
temperature after growth procedure, during which the same
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atmosphere and partial pressures were maintained. The high-quality
graphene films are also commercially available in Beijing Graphene
Institute (BGI) company (http://www.bgi-graphene.com/type/100).

Preparation of free-standing GSAMs superstructure
Plasma treatment of Cu foil. To remove graphene on the back side of
Cu foil, we put Cu foil into a reactive ion etcher (Pico SLS, Diener) with
an airflow of 10 sccm. Then the air plasma was generated at a

controlled power of 150W. After a 3-min treatment, the backside
graphene was fully removed.

Self-assembly of stearic acidmonolayers. Stearic acid was dissolved
and diluted in isopropanol (IPA) to reach the mass fraction of 0.005%.
Thenweused a capillary to drip the solution ongraphene to fully cover
its surface. Normally, each drop volumeof stearic acid/IPA solution we
usewas about 10μL, which could spreadover an area of about 1.5 cm×
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1.5 cm. After the evaporation of IPA, stearic acid monolayer was self-
assembled on graphene surface.

Etching. The Cu/graphene/SAM composite was placed on the surface
of 0.5M (NH4)2S2O8 aqueous solution to etch the Cu foil away. After
etching, the free-standing graphene/SAM superstructure was floated
at the air–water interface.

Preparation of suspended GSAMs membranes
TEM grids (e.g., Quantifoil-R1.2/1.3, 300 mesh) were carefully posi-
tioned on the filter paper, which had been submerged into the etching
solution in advance. The solution was then gradually pumped away to
lower down the solution surface, making the floating GSAMs super-
structure deposit onto TEM grids.

Rinsing. GSAM-coated TEM grids were transferred away from etching
solution and submerged intodeionizedwater towash away the inorganic
contaminations. The GSAMs grid could be rinsed in the isopropanol
solution for 30 s to remove the organic contaminations if needed.

Drying. The suspendedGSAMsmembranes on the grids were air-dried
in the cleanroom to avoid extra contaminants after being taken out
from the deionized water.

Preparation of pristine graphene grids
The pristine graphene grids are prepared by a polymer-free clean
transfer method22,30. Firstly, the commercial holey carbon grids
(Quantifoil, Au 300 mesh R1.2/1.3) are placed on the surface of gra-
phene/copper substrate. Then, an isopropanol solution is dropped
onto these grids. After the isopropanol evaporates, the holey carbon
grids will be tightly attached to the surface of the graphene/copper
substrate. Subsequently, 1M (NH4)2S2O8 aqueous solution is used to

etch the copper substrate away, resulting in the transfer of graphene
film onto the surface of holey carbon grids. After rinsed in deionized
water and isopropanol solution, the clean graphene grids can be
obtained.

Coverage of GSAMs grid
The GSAMs grid coverage is determined by calculating the ratio of the
number of holeswith intactmembranes to the total number of holes in
each grid square. We collected the SEM images of 104 grid squares
from the GSAMs grid (Supplementary Fig. 2b), and each grid square
has ~430 holes (Supplementary Fig. 2c). By counting the number of
holes coveredwith broken, suspendedGSAMsmembranes, theGSAMs
coverage can be obtained. The coverage statistics based on these 104
grid squares have been shown in the Fig. 2e.

Characterization of GSAMs by AFM
The surface roughness of suspended SAMs membranes was char-
acterized by atomic force microscopy (AFM, Bruker Dimension Icon)
in tapping mode with a commercial AFM tip (OTESPA-R3, Bruker
company). The material, tip radius, spring constant, and resonance
frequency of OTESPA-R3 AFM tips are 0.01–0.02 ohm-cm Silicon,
~7 nm, ~26N/m, and ~300 kHz, respectively. The rate of data collection
is 1 line/s for 256 lines. The values of surface roughness can be directly
obtained from the AFM image.

Density functional theory (DFT) calculations
All the DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP)31,32. The electron-ion and electron-electron
interactions were described by the projector augmented wave (PAW)
methods and Perdew-Burke-Ernzerh of type exchange-correlation
functions, respectively33,34. The 3 × 1 × 1 and 1 × 4 × 1 k-point meshes
were adopted for the system of the SAMs aligned along armchair and
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zigzag directions, respectively. All the structures were released until
the force acting on each atomwas less than 0.01 eV/Å, with the energy
convergence of 10-4eV. The plane wave cut-off energy was set as
400 eV. A vacuum layer with a thickness greater than 15 Å was con-
structed to avoid the interactions between two neighboring images.
Besides, all calculations include spin-polarization and DFT-D3 was
chosen to correct the vdW interaction between graphene and SAMs35.

Characterization of GSAMs by cryo-EM
The aforementioned TEM grid coated by suspended GSAMs was
directly inserted into liquid nitrogen (−196 °C), and uploaded into a
Thermo Fisher Scientific Titan Krios (300 kV) TEM, which is equipped
with a direct electron detector K3 (Gatan, Inc.) and a GIF-Quantum
energy filter. The suspended GSAMs membrane was imaged at a
nominal magnification of 165,000, with a calibrated pixel size of
0.5141Å. The total irradiation dose is 50 e-/Å2.

Binding energy between the graphene and the SAMs
The periodic models of two surfactant molecules on graphene lattice
were built to calculate their binding energies (Eb) by the following
equation,

Eb =
ESAM�Gr � ESAM � EGr

� �

NGr
ð1Þ

in which ESAM�Gr , ESAM , EGr , and NGr are the total energy of SAMs
adsorbed on monolayer graphene, the energy of SAMs, the energy of
monolayer graphene and the number of carbon atoms in monolayer
graphene, respectively. Finally, the binding energy between SAMs and
graphene arranged along the zigzag lattice direction was calculated to
be −199.0mJ/m2.

Cryo-EM sample preparation
Streptavidin was purchased from New England Biolabs (Catalog:
N7021S). To purify the 20S proteasome, its β subunit was His-tagged
and expressed in Escherichia coli cells. The protein was then purified
using nickel column (GE Healthcare) and stored at 0.6mg/mL for
subsequent usage18. ACE2 was purified from HEK293T cells using a
C-terminal six-histidine tag and a nickel affinity column (GE Health-
care). SARS-CoV-2 RBD, tagged with a C-terminal six-histidine tag, was
purified from HEK293F cells and mixed with ACE2 at a molar ratio of
1:1.5 to form the ACE2-RBD complex. The Spike protein, tagged with a
C-terminal Flag, was purified from HEK293F cells36. All three samples
were diluted to 0.25mg/mL for cryo-EM specimen preparation.
CHAPSO (3-(3-cholamidopropyl-dimethylammonio)-2-hydroxy-1-pro-
panesulfonate) was purchased from Sigma-Aldrich (Catalog: C3649-
500MG), and DDM (dodecyl-β-D-maltoside) was purchased from
Inalco Pharmaceuticals (Catalog: 69227-93-6).

To prepare the cryo-EM specimen, 3μL sample was pipetted onto
the glow-discharged (Harrick Plasma, low-power mode for 15 seconds)
graphene grid or GSAMs grid, which was then blotted for 0.5 s by filter
papers with the force −2 in a Vitrobot (Thermo Fisher Scientific) under
8 °C and 100% humidity. These grids were then directly plunged into
liquid ethane and transferred to liquid nitrogen for storage.

To prepare the cryo-EM specimen in the presence of surfactants,
we added CHAPSO or DDM into the sample solution at final con-
centrationsof8mMand0.17mMand then applied the sample solution
onto glow-discharged EM grids (Quantifoil, 200 mesh, 1.2/1.3). The
grids were blotted for 2.5 s with the force −2 in a Vitrobot (Thermo
Fisher Scientific) under 8 °C and 100% humidity. After blotting, the
grids were frozen by liquid ethane and stored in liquid nitrogen.

Single-particle cryo-EM data acquisition and analysis
For 20S proteasome on GSAMs grid, ACE2-RBD and Spike on both
GSAMs grid and pristine graphene grid, cryo-EM datasets were

automatically collected by EPU software on a Thermo Fisher Scientific
Titan Krios G4 (300 kV) TEM equipped with a direct electron detector
Falcon 4 (Thermo Fisher Scientific), with the defocus from −1.5 to −1.8
μmand pixel size of 0.86 Å, andwe collected 1513, 1445, 3810, 921, and
4352micrographs for aforementioned samples, respectively. For ACE2
and streptavidin on GSAMs grids, 2448 and 2144 micrographs were
collected via a Thermo Fisher Scientific Titan Krios G3i (300 kV) TEM
equipped with a direct electron detector K3 (Gatan, Inc.) and GIF-
Quantum energy filter by AutoEMation software37, with the defocus
from −1.2 to −1.5 μm and pixel size of 0.5191 Å. For ACE2 on graphene
grid, 5576 micrographs were collected via a Thermo Fisher Scientific
Titan Krios (300 kV) TEM equipped with a direct electron detector K3
(Gatan, Inc.) and GIF-Quantum energy filter by AutoEMation software,
with the defocus from −1.2 to −1.5 μm and pixel size of 0.5141 Å. All of
themicrographs were fractionated to 32 frames with a total irradiation
dose of ~50 e-/Å2, which were then motion-corrected by MotionCor238

for following structural reconstruction.More details were summarized
in Supplementary Table 1.

The micrographs were then imported into CryoSPARC39 to per-
form patch CTF estimation and particle picking. Several rounds of 2D
and 3Dclassificationwere applied to exclude badparticles. AfinalNon-
uniform Refinement with local CTF refinement was used for high-
resolution structure determination. Angular distribution plots were
generatedbyRELION40. Tobuild the atomicmodels, 6J6K, 7W9I, 7W92,
and 3J9I from PDB databank were fetched to rigid-body fit into the
maps of streptavidin, ACE2 (ACE2-RBD), Spike, and 20S proteasome in
Chimera41, respectively, and then real-space refined in PHENIX42. All
these cryo-EM data collection, refinement and validation statistics are
summarized in Supplementary Table 1. Efficiency of angular distribu-
tion was calculated by cryo-EF28.

To avoid the potential biases when comparing the orientation
distribution from different datasets, we performed the reconstruction
of experimental and control groups with identical procedures, para-
meters, and selection criteria in CryoSPARC39. During 3D reconstruc-
tion, the same reference was used. The final number of particles used
for plotting Euler angle distribution was also identical.

Cryo-ET data acquisition and analysis
The cryo-ET tilt serieswere acquired from+60 to −60° at the stepof 3°,
on a Thermo Fisher Scientific Titan Krios (300 kV) TEM equipped with
a K3 camera (Gatan, Inc.) using SerialEM. The imaging defocus was set
to −5 μmwith a pixel size of 1.25 Å, and each tilt was fractionated to 8
frames with a total dose of ~3 e-/Å2. The beam-induced motion was
corrected byMotionCor238, and then the tilt series were imported into
IMOD43 for alignment and tomogram reconstruction, followed by
denoising via IsoNet44. The positions of 20S proteasome were marked
by template matching, as well as visual interpretation.

Statistics and reproducibility
The experiments in Figs. 2b, 2e, 2f, and 3g–i were repeated for more
than 3 times independently with similar results, including the STM
characterizations of GSAMs, SEM imaging of suspended GSAMs
membranes, cryo-EM characterizations of suspended GSAMs, cryo-EM
imaging of 20S proteasome particles with the presences of GSAMs,
CHAPSO, and DDM.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The cryo-EM density maps and coordinates of streptavidin on GSAMs,
Spike on GSAMs, Spike on graphenemembrane, ACE2-RBD onGSAMs,
ACE2-RBD on graphene membrane, ACE2 on GSAMs, and ACE2 on
graphene membrane, have been deposited into the Electron
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Microscopy Data Bank (EMDB) under the accession numbers EMD-
34978, EMD-34975, EMD-34974, EMD-34976, EMD-34977, EMD-34979,
and EMD-34980, and into the Protein Data Bank (PDB) under the
accession numbers 8HRM, 8HRJ, 8HRI, 8HRK, 8HRL, 8HRN, and 8HRU,
respectively. The raw data of streptavidin and ACE2 on GSAMs have
been deposited into the EMPIAR, with the corresponding accession
codes EMPIAR-12039 and EMPIAR-12040, respectively. Any additional
data supporting the results in this work are available from the corre-
sponding authors upon reasonable requests. The source data under-
lying Figs. 2e, 3b, 3e, 4k, 4l, 5c and Supplementary Figs. 3b, 9b are
provided as a Source data file. Source data are provided with
this paper.
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