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because it allows direct observation of pro-
tein structures without laborious and time-
consuming steps to prepare and crystallize 
protein molecules.[1] In addition, cryo-EM 
is increasingly used to resolve conforma-
tional dynamics of protein molecules, 
including the effect of drug binding.[2] The 
method works by loading thin samples 
of frozen protein into a liquid-nitrogen-
cooled transmission electron microscope, 
acquiring images using a high speed elec-
tron detector, and then processing these 
images using computational algorithms 
to generate a 3D structure.[3] To prepare 
samples for cryo-EM imaging, a droplet 
of protein solution is dispensed on a holey 
carbon support “grid,” and then a special-
ized robot uses blotting paper to remove 
excess protein solution before plunging 
the grid into a coolant such as liquid 
ethane. The result is a thin (10–100  nm) 
layer of vitreous ice with the proteins or 
target molecules embedded inside. Ideally, 
the protein molecules adopt a range of 
orientations within the ice, and are sus-

pended across holes in the carbon support film. These imaging 
holes range from a few hundred nanometers to a few microm-
eters in diameter.[4] 3D structures of important proteins, inter-
actions between drug molecules and ion channel proteins,[5] 

Cryogenic-electron microscopy (cryo-EM) is the preferred method to deter-
mine 3D structures of proteins and to study diverse material systems that 
intrinsically have radiation or air sensitivity. Current cryo-EM sample prepara-
tion methods provide limited control over the sample quality, which limits 
the efficiency and high throughput of 3D structure analysis. This is partly 
because it is difficult to control the thickness of the vitreous ice that embeds 
specimens, in the range of nanoscale, depending on the size and type of 
materials of interest. Thus, there is a need for fine regulation of the thickness 
of vitreous ice to deliver consistent high signal-to-noise ratios for low-contrast 
biological specimens. Herein, an advanced silicon-chip-based device is 
developed which has a regular array of micropatterned holes with a gra-
phene oxide (GO) window on freestanding silicon nitride (SixNy). Accurately 
regulated depths of micropatterned holes enable precise control of vitreous 
ice thickness. Furthermore, GO window with affinity for biomolecules can 
facilitate concentration of the sample molecules at a higher level. Incorpora-
tion of micropatterned chips with a GO window enhances cryo-EM imaging 
for various nanoscale biological samples including human immunodeficiency 
viral particles, groEL tetradecamers, apoferritin octahedral, aldolase homote-
tramer complexes, and tau filaments, as well as inorganic materials.
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1. Introduction

Cryogenic-electron microscopy (cryo-EM) has become the 
preferred method to determine the 3D structures of proteins 
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the molecules to a higher level in the hole. In addition, the 
thin but robust Si frame provides a high mechanical stability 
of the chip during handling in a series of sample preparation 
procedures and cryo-EM imaging. As a result, the newly devel-
oped micropatterned chip with a GO window enables a more 
straightforward, reliable, and reproducible sample preparation, 
which can eventually facilitate efficient and high-throughput 
3D structure analysis by cryo-EM.

2. Results and Discussion

The advanced micropatterned chip with a GO window is 
designed where the depth of the micropatterned SixNy layer 
is controlled to precisely regulate the thickness of vitreous 
ice layer depending on the size of the material to be analyzed 
(Figure  1a). Figure  1b shows the fabrication process of the 
micropatterned chip with a GO window using a microelectro-
mechanical system (MEMS) technique and a 2D nanosheet 
transfer method. The major advantage of using MEMS fabrica-
tion is its facile mass production of Si-based microchips with 
SixNy windows. For example, about 500 microchips can be 
produced from one Si wafer with 4 in. diameter from photo-
lithography, dry-etching, and wet-etching processes. The thick-
ness of the SixNy window which will eventually determines the 
depth of the hole in the micropatterned chips is controlled by 
a deposition time in a low pressure chemical vapor deposition 
(LPCVD) process of the SixNy on Si wafer. The LPCVD provides 
the SixNy layer with a low stress which ensures a high stability 
of a freestanding SixNy that is tens of nanometers in thick-
ness.[14] Afterward, the micropatterned chip with a GO window 
is fabricated by applying a lithographic patterning of holes 
with 2 µm in diameter on the SixNy window. Subsequently, 
the GO window is constructed by drop casting of GO solution, 
resulting in a regular array of micrometer-scale well-type struc-
tures with GO windows in each microchip. The structure of the 
micropatterned chip with the GO window is confirmed with an 
optical microscope (OM) and a scanning electron microscope 
(SEM), as shown in Figure  1c–f. The micropatterned chip has 
100 freestanding SixNy membranes (10 × 10) with a dimension 
of 50 × 20 µm2. Each freestanding SixNy membrane has tens of 
microholes having diameters of 2 µm and the GO window. The 
resulting GO-supported micropatterned chip has ≈10 000 holes, 
potentially allowing automated large data collection for single 
particle analysis. Furthermore, since these micropatterned 
chips are fabricated from the MEMS process, the number and 
the morphologies of SixNy membranes and GO windowed 
microholes can be easily manipulated (Figure S1, Supporting 
Information) for high-throughput single particle analysis and 
other types of cryo-EM imaging experiment depending on the 
materials such as viral, cellular, or inorganic materials.

The existence of the thin GO layer across the hole is con-
firmed by high-resolution transmission electron microscope 
(HRTEM) images, electron diffraction patterns, and Raman 
spectrum (Figure  2a–d).The HRTEM image of a local region 
of one GO window (Figure  2a,b) clearly shows a defect-free 
crystalline GO with measured lattice spacing of 0.25 nm which 
corresponds to the lattice spacing of GO.[15] The thickness of GO 
window shown in Figure 2a is measured to be 4 nm (Figure S6f,  
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and the envelope proteins of pathogenic viruses such as severe 
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) that 
causes COVID-19[6] have been extensively investigated with 
this technology.In addition, the great advancement of cryo-EM 
equipment and techniques has extended its applications to 
material science.[7] Structures of materials having radiation or 
air sensitivity and requiring analysis in a native aqueous state 
can be investigated using cryo-EM.[8]

Despite the great success of cryo-EM in exploring the struc-
tures of nanoscale entities, the cryo-EM sample preparation 
procedure lacks tight control over ice thickness, which is a 
dominant determinant in image quality and thus achievable 
structural resolution. Extensive sample screening is typically 
required to identify a “good” sample grid from a batch of sam-
ples, which hampers efficiency and the ability to fully exploit 
automated procedures for high-throughput 3D structure anal-
ysis.[9] Improvements in the reliability and reproducibility of 
cryo-EM sample preparation would enhance the utilization of 
cryo-EM in the basic sciences and commercial drug discovery. 
Cryo-EM-based structure analysis involves imaging thousands 
or millions of randomly oriented protein molecules fixed in 
a vitreous ice layer with a uniform thickness of a nanometer 
scale. The optimal thickness of the vitreous ice should be on the 
scale of the material of interest in order to minimize inelastic 
scattering from excess ice. Particularly for imaging low-contrast 
biological specimens, this optimal condition is important to 
ensure sufficient signal-to-noise ratios and minimize overlaps 
of biomolecules along the electron beam path.[10] If the thick-
ness of vitreous ice is too thin, subparts of the structure of 
biomolecules in the sample can be exposed to the water–air 
interface during sample preparation, resulting in preferred 
orientation[11] or local denaturation of the molecules.[12] In addi-
tion, the blotting process can cause a loss of about 99% of bio-
molecules via water soaking by the blotting pad.[13] Due to these 
difficulties, cryo-EM-based imaging mostly involves extensive 
manual screening of multiple grids.

Herein, we develop a microfabricated silicon (Si)-chip-based 
device for straightforward and reliable sample preparation in 
cryo-EM analysis. The new device has micropatterned holes in 
a silicon nitride (SixNy) layer with accurately regulated depths 
to enable precise control of vitreous ice thickness after blotting. 
Each hole has a window of graphene oxide (GO). The strong 
affinity of GO for biomolecules is helpful for concentrating 
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Supporting Information) which is ≈10 times thicker than mono-
layer of graphene,[16] indicating GO multilayers as represented 
by multiply oriented hexagonal diffraction patterns (Figure 2c). 
It is noteworthy that the 4 nm thick GO window has no notice-
able defect with a uniform contrast throughout the 2 µm hole 
with minimal impact on TEM resolution,[17] which is an impor-
tant requirement for efficient cryo-EM imaging. In addition, 
the thickness of GO window can be regulated by a type of GO 
transfer method (Supporting Information) and the concen-
tration of GO solution (Figure S2, Supporting Information). 
Moreover, mono- or bilayer of graphene can be transferred to 
micropatterned chip with loop-assisted transfer[18] to produce 
graphene-supported microwell grid (Figure S3, Supporting 
Information). We also conduct Raman spectroscopy to validate 

the existence of GO. Raman spectrum at the hole region shows 
strong D and G bands at 1345 and 1602 cm−1, respectively, with 
a ratio of ID/IG of 0.99. The 1:1 ratio of D and G peaks is a  
characteristic feature of 2D GO nanosheets.[19] The averaged 
coverage of GO per micropatterned chip is measured as high as  
99.4 ± 0.6% based on SEM observations. This successful prepa-
ration of GO window on the micropatterned chip is likely to 
ensure a high success rate in finding optimal regions for 
imaging. Furthermore, it potentially enables automated cryo-
EM imaging across multiple holes for mass data acquisition 
because those holes are arranged in a regular pattern.

As explained in the previous paragraph, the GO window can 
be prepared in the micropatterned chip using different types 
of transfer methods of GO solution such as drop casting and 
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Figure 1. a,b) Schematics of the newly developed micropatterned chip with a GO window for cryo-EM and the fabrication process of the device. 
Schematics of (a) a cross-section of the device with different depths of micropatterned SixNy regulating the thickness of vitreous ice layer depending 
on the size of the biomaterials to be observed, and (b) a fabrication process of the micropatterned chip with a GO window. c–f) Structure of the micro-
patterned chip with a GO window: (c) OM image of a whole micropatterned device, (d) OM image of exposed freestanding SixNy membranes in a 
device, (e) SEM image of a single micropatterned SixNy membrane, and (f) SEM image of a single microhole with GO window.
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float casting (Supporting Information).[20] A different transfer 
method of GO can be selected depending on the user’s demand. 
Using a small amount of GO solution, highly flat GO window 
without noticeable wrinkles can be constructed by drop casting. 
GO window constructed by drop casting is almost invisible at 
even high defocus values (Figure  2a) due to its flatness and 
low background signal. In addition, the drop casting method 
ensures near 100% coverage of GO over one micropatterned 
chip. Float casting also forms the GO window with a high hole 
coverage of ≈99.0% with a benefit of transferring GO to plural 
devices in one transfer process. The GO solution may penetrate 
under the device during the float casting transfer procedure, 
resulting in a relatively thick GO window by GO nanosheets 
that cover both top and bottom surfaces of the micropatterned 
SixNy (Figure S5a–d, Supporting Information). If needed, this 
can be avoided by mounting and sealing an array of micro-
patterned chips onto a rigid substrate for dispensing the GO 
solution (Figures S4 and S5e–h, Supporting Information).

We demonstrate the capability of regulating the depth of 
microholes by fabricating micropatterned SixNy chips with 
GO window in three representative target depths: 25, 50, and 
100  nm. To evaluate the morphology and the thickness of 
the micropatterned SixNy with GO window, cross-sections of 
devices obtained from focused ion beam (FIB) sectioning are 

observed with SEM and TEM (Figure  2e–h and Figure S6d,e 
(Supporting Information)). Well-type structure of the microhole 
with GO window is clearly shown in the SEM image (Figure 2e).  
Thicknesses of SixNy are measured to be 28  ± 2, 48  ± 2, and 
103 ± 1 nm, confirming both successful control of the depth of 
the SixNy microhole and the transfer of the GO window.

Vitreous ice with a uniform and precise thickness can 
be formed using the micropatterned device with controlled 
depth. The relative thickness of vitreous ice formed at a single 
microhole of micropatterned device is evaluated with energy-
filtered TEM (EFTEM). The detected intensity which is related 
to the relative thickness of the material is displayed with a 
color map and line profile, confirming uniform thickness of 
vitreous ice throughout the microhole region (Figure  2i). On 
the contrary, cryosamples prepared using conventional holey 
carbon grid had irregular thickness of the vitreous ice at the 
hole region, showing a thick ice layer at the edge of the hole 
and thin ice layer at the center of the hole (Figure  2j) which 
are resulted from surface tension of the solution with a large 
portion of exposed water–air interface.[21] GO membrane at 
micropatterned device reduces the exposed water–air interface, 
enhancing the ice thickness uniformity. The uniform ice layer 
at a single microhole provides a similar degree of defocusing 
parameter which allows an efficient and reliable downstream 
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Figure 2. a–d) Confirmation of GO window at the microhole. HRTEM images of (a) a single microhole with a GO window, and (b) the local region 
of the GO window. (c) Selected area electron diffraction pattern and (d) Raman spectrum of the GO window.e–h) Cross-section morphology of the 
micropatterned chip with GO window in three representative controlled depths. (e) Cross-sectional SEM image of 100 nm depth micropatterned device. 
Cross-sectional TEM images of (f) 25 nm, (g) 50 nm, and (h) 100 nm depth micropatterned SixNy layer with a GO window. i–k) Evaluation of vitreous 
ice layer thickness at micropatterned chip with different depths. EFTEM image and line profile showing the intensity at hole region with vitreous ice of 
(i) 50 nm depth micropatterned device and (j) conventional holey carbon grid. The linearly normalized intensity scale is shown in the color bar and the 
dotted rectangular box on EFTEM image indicates the integration width. (k) Histograms of the ice layer thickness in the micropatterned device with 
different depths (25, 50, and 100 nm). The mean and deviation of ice thicknesses in each device with different depths are indicated with the dotted 
line and number.
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image processing for 3D reconstruction of a biomolecule struc-
ture. In addition, the thickness of vitreous ice is investigated by 
integration of electron energy loss spectrum (EELS).[22] Repre-
sentative EELS spectra of the vitreous ice layer formed in the 
hole of micropatterned chip with different depths (25, 50, and 
100 nm) are shown in Figure S9 (Supporting Information). As 
the depth of the micropatterned SixNy increases from 25 to 
100 nm, scanned peak intensity from 1 to 30 eV increases, con-
firming that the ice layer becomes thicker. Using the following 
equation

d
I

Izlp

lnλ=
 

(1)

where d is the vitreous ice thickness, λ is the mean free path of 
inelastic scattering (287  nm in TEM with accelerating voltage 
of 200 keV),[23] I is the integrated total intensity, and Izlp is the 
integrated zero-loss peak intensity, the thickness of the vitreous 
ice can be calculated. The measurement of the thickness of  
vitreous ice based on EELS mapping is repeated throughout 
multiple holes in the micropatterned chip (Figure  2k). The 
average ice thicknesses formed inside the micropatterned 
chips with depths of 25, 50, or 100  nm are 29  ± 3, 58 ± 9, or  
104 ± 9 nm, respectively, showing that the depth of the micro-
holes can determine the thickness of the vitreous ice. In all 
three types of devices with different depths, the thickness of the 
vitreous ice is uniform throughout multiple holes in the device, 
as indicated by the narrow distribution in the histograms for 
the measured thickness of the vitreous ice. Thick vitreous ice 
layer can reduce the signal of biomolecules due to the enhanced 
background scattering of electron beam.[24] This highlights the 
importance of the controlled thicknesses of the vitreous ice in 
the cryo-EM imaging depending on the size of the biological 
molecules. The depth controllability of the micropatterned 
device can facilitate efficient structural analysis by making 
optimal thickness of ice for proteins of interest.

Since organic, biological, and inorganic materials have  
different sizes, formation of vitreous ice with an appropriate 
thickness can ensure enhanced contrast resolution with mini-
mized structure perturbation of the sample molecules during 
cryo-EM imaging. To demonstrate the biological application 
and compatibility with high-resolution cryo-EM, we prepare 
frozen hydrated grid chips with human immunodeficiency 
virus (HIV-1, ≈100 nm size), apoferritin (470 kDa), and aldolase  
(157  kDa) using 100, 50, and 25  nm depth micropatterned 
chips and GO window, respectively. HIV-1 is a representative  
pathogenic virus that has caused more than 30 million of 
deaths, and around 40 million people carry the virus today.[25] 
Viruses, self-assembled nanoscale complexes, are composed of 
proteins and nucleic acids. Many enveloped viruses additionally  
contain lipid molecules in their surface. Apoferritin are standard 
proteins which are customarily used for benchmarking work-
flows and methods in cryo-EM structure analysis.[26] Each chip 
is then assembled into an autogrid and transferred to 200 keV  
Glacios equipped with Falcon 4 direct electron camera. Cryo-
EM movie is collected using 35–40 e− Å−2 dose for each spec-
imen and drift-corrected microscopy images displayed clear 
particles with high frequency thorn rings in fast Fourier 
transform extending close to Nyquist signal (Figure  3a–c and  

Figures S11 and S12a (Supporting Information)). Cryo-EM 
image of a spherical HIV-1 particles displaying foreign envelope 
proteins, vesicular stomatitis virus glycoproteins, is obtained 
using the 100 nm depth micropatterned devices (Figure 3a). In 
addition, apoferritin protein is imaged by cryo-EM using the 
50 nm depth micropatterned chip (Figure 3b). We also demon-
strate that smaller-sized proteins such as aldolase are clearly 
observed using 25  nm depth micropatterned chip, as shown 
in Figure  3c. Furthermore, we also obtain cryo-EM images 
of aldolase from micropatterned chips with 50 and 100  nm 
depths. Aldolase is clearly observed from 50 and 100 nm depth 
micropatterned device (Figure S11, Supporting Information). 
We perform a session for automated data collection on apofer-
ritin using manufacturer provided software (EPU). Automated 
functions including grid navigation, autofocus, hole selec-
tion, and image acquisition are performed well on the chip. 
In particular, we can take advantage of regular arrangements 
of microfabricated 2  µm diameter hole of the chip for multi-
exposure per hole and the fast mode imaging of EPU as well, 
allowing high throughput data collection on a 200 keV micro-
scope. Apoferritin particles are well converged and the 3D 
structure is reconstructed at 3.06 Å resolution (Figure  3d,e). 
The density map of apoferritin shows clear side chains of hel-
ices and loops. It also shows its resolution of near 2.7 Å, which 
can be confirmed through the local resolution map. While 
the physical Nyquist frequency is ≈2.7 Å in these images, a  
diffraction pattern of GO (≈2.1 Å) is visible in the Fourier trans-
formed image with 2 × 2 supersampling of microscopy images  
(Figure S12a, Supporting Information). Taken together, our 
experiment indicates that the chip is compatible with high-end 
cryo-EM instruments and suitable for the near-atomic struc-
tural study.

Our newly developed devices provide an important capability 
for cryo-EM imaging of several biological entities including 
proteins and complexes of lipids, proteins, and nucleic acids. 
Affinity of GO surface to biomolecules can lead to concentra-
tion of the molecules within the electron-beam transparent area 
during solution loading (Figure  4a–c). We count the number 
of biological entities (HIV-1 and groEL) captured in the GO 
window of the micropatterned chip and compare it with the 
one obtained using the a conventional holey carbon grid. The 
number density of HIV-1 particles within the GO windows of 
the microchip is 2 µm−2, whereas that within the hole of holey 
carbon grid is only 1 µm−2 (Figure 4a,c). Such difference is also 
consistently observed during cryo-EM imaging of groEL protein  
molecules. About 950 proteins are concentrated in a unit area 
(1 µm2) of GO holes of microchips during sample prepara-
tions but only about 490 proteins µm−2 is detected in a com-
mercial cryo-EM grid (Figure 4b,c). In addition, tomography is  
conducted at the GO-supported microwell grid with apoferritin 
to investigate the distribution of the protein particles inside the 
vitreous ice layer. Protein particles are observed to distribute 
in monolayer close to the GO layer (Figure S13 and Movie S1, 
Supporting Information).[27] Concentrating biomolecules in 
the imaging area of a micropatterned device can potentially 
enhance the efficiency of the downstream image process for 
sample molecule structure construction because it reduces the 
required number of images and the imaging time. Further-
more, the use of the micropatterned chip with a GO window 
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Figure 4. a–c) Comparison of biomaterial concentration observed with micropatterned chip with GO window and conventional holey carbon grid. Cryo-
EM images of (a) HIV-1 virus with 100 nm depth GO device and carbon grid, respectively, and (b) groEL protein with 50 nm depth GO device and carbon 
grid, respectively, and (c) concentration of the biomaterials observed in GO device and carbon grid at the microhole region. d–g) Cryo-EM images of 
various materials with the micropatterned device. (d) Tau protein with tubular structure, and (e) Fe2O3 nanoparticle in 100 nm, (f) Au nanoparticle in 
50 nm, and (g) silica in 25 nm depth micropatterned chip, respectively.

Figure 3. a–c) Cryo-EM images of various sized biomaterials in different depths of micropatterned chip. (a) HIV-1 (≈100 nm size) in 100 nm, (b) apofer-
ritin protein (470 kDa) in 50 nm, and (c) aldolase protein (157 kDa) in 25 nm depth micropatterned device. d) 3.06 Å Cryo-EM map of horse apoferritin 
and e) the fitted helices model (6RJH) and the corresponding density.
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requires a small amount of biomolecules and mitigates the 
denaturation that occurs at the air–water interface.

Besides single molecular particles of biomolecules, diverse 
types of materials are also observed by the micropatterned 
chip with GO window based on the choice of different depth 
depending on the size of the material. We demonstrate sev-
eral examples. Tau proteins fibrillized with heparin are visual-
ized by cryo-EM with a 100  nm depth microchip. Its fibrillar 
morphology and width (≈10  nm) are virtually identical to 
those observed from conventional cryo-EM but exhibited 
more twisted contour (Figure 4d). Inorganic materials such as 
Fe2O3 nanoparticles, Au nanoparticles, and silica nanoparticles 
are also investigated using 100, 50, and 25  nm depth micro-
patterned devices, respectively (Figure  4e–g and Figure S14  
(Supporting Information)).

3. Conclusion

A micropatterned chip with a GO window is fabricated by 
the MEMS technique with transfer of 2D GO nanosheets. 
The well-type structure of microhole with a GO window is 
constructed with controlled depths from 25 to 100 nm, enabling 
fine thickness control of vitreous ice in sample preparation 
for cryo-EM. Moreover, the high affinity of GO for biomol-
ecules concentrates sample molecules at a higher level on 
the electron-transparent hole region. Cryo-EM using such 
micropatterned chips is efficient, as demonstrated by successful 
imaging of multimeric protein complex, such as HIV-1, groEL, 
apoferritin, aldolase, and fibrillized tau protein. Furthermore, 
micropatterned chip shows compatibility with high-end cryo-
EM instruments and feasibility for the near-atomic single par-
ticle analysis. Our device and the method can also be applied 
to cryoimaging of inorganic materials. As a result, the newly 
developed micropatterned chip with GO window enables a 
more straightforward, reliable, and reproducible sample prepa-
ration strategy that can eventually facilitate efficient and high-
throughput 3D structure analysis with cryo-EM.

4. Experimental Section
The detailed experimental process is available in the Supporting 

Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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