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Graphene is an excellent support film for high-resolution transmission electron microscopy (TEM) but its use
with biological samples, notably in cryo-TEM, is hindered by its inherent hydrophobicity. Whereas surface
treatments have been proposed to render graphene hydrophilic, they are often difficult to reproduce due to a lack
of information on the structural changes that modify the wetting properties of graphene. This study aims to
correlate the atomic structure of graphene with its wetting properties to allow a reproducible protocol to advance
its application in cryo-TEM. We follow the change in the atomic structure of graphene as a function of low-energy
hydrogen plasma treatment duration on monolayer graphene transferred onto TEM grids. With finely controlled
plasma exposure, partial hydrogenation, monoatomic vacancies, and pores of a few nanometers are realized in
the graphene. The introduction of defects (vacancies and pores) enables the formation of continuous layers of
vitreous ice on TEM grids. Grids with defect-integrated graphene are reproduced and used in the vitrification of
the mouse serotonin 5-HT3 receptor, a membrane protein. Single particle analysis of the membrane protein on
graphene compared to conventional holey carbon film give insight into the strengths and discretions in using
graphene membrane for protein structural studies.

1. Introduction understanding protein function and for facilitating drug development.

To be compatible with the vacuum in the electron microscope column,

Graphene has diverse applications, e.g. bioengineering and opto-
electronics, due to its exceptional physical, chemical, mechanical, and
surface properties [1-5]. In particular, graphene is an ideal support film
for high-resolution transmission electron microscopy (HRTEM) due to
its high electron transparency, good mechanical strength and high
thermal and electrical conductivity, which enhance sample stability
while mitigating radiation damage by the electron beam [6]. Use of
graphene support film has yielded superior images of nanomaterials,
including perovskite, quantum dots and carbon nanotubes [7,8].

On the other hand, the use of graphene support film in cryo-TEM for
structural biology is far from common. Cryo-TEM is an important
technique for solving native protein structures, essential for
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protein in solution is vitrified and imaged at near liquid nitrogen tem-
perature in the frozen solid state. Cryo-TEM imaging yields 2D pro-
jections of the protein molecule in its native hydrated state. With a
homogeneous sample, the projections can then be sorted into different
orientations of the molecule with single particle anlaysis. A 3D recon-
struction of the protein molecule can be obtained if the orientation space
is sufficiently sampled and if the signal-to-noise ratio of the images allow
accurate alignment of the particles. Inevitably, sample motion due to
charging or buckling of ice upon electron irradiation, radiation damage,
or protein denaturing at the air-water interface can compromise the
resolution that can be achieved [9]. With its exceptional physical
properties, use of graphene support film can potentially alleviate these
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problems and improve the resolution in cryo-TEM.

Indeed, use of graphene support membrane has proved very prom-
ising in cryo-TEM [10-15]. It has been shown that particle density as
well as particle distribution can be significantly improved using a gra-
phene support film [12], [15]. Sample movement is also considerably
reduced. Moreover, radiation damage is migitated, allowing a longer
exposure time for higher signal-to-noise ratio [16]. The use of a gra-
phene support can also better control ice thickness to minimize back-
ground scattering from the ice layer [16]. Moreover, there is evidence
that graphene helps to avoid protein denaturing at the air-water inter-
face [17]. All these factors enhance the resolution achieved in cryo-TEM
experiments.

Despite these benefits, the use of graphene in cryo-TEM remains
limited. One of the main challenges is the hydrophobic nature of gra-
phene, which originates from its sp? hybridized non-polar electronic
structure, which has a low surface energy [18-20]. To circumvent this
problem, hydrophilic graphene oxide flakes have been used [21].
However, the coverage of the grid by the flakes is not satisfactory. On the
contrary, transferred graphene sheets can reliably cover most, if not all,
of the TEM grid surface. To turn graphene hydrophilic, various surface
treatments, such as UV/ozone treatment [16], chemical functionaliza-
tion (with and without plasma) [11,13, 22], and hydrogen plasma
treatment [15], or air glow discharge [23], have been employed.
Nonetheless, the key parameters for tuning the wetting properties of
graphene remains elusive, which hinders the routine adoption of gra-
phene as a support membrane for biological samples.

This study aims to elucidate the structural changes that govern the
change in wetting properties of graphene. Graphene monolayers were
transferred onto TEM grids and plasma treatment was applied in a finely
controlled fashion to introduce defects in the graphene. While inherent
lattice defects and distortions from growth and processing may
compromise device performance, deliberate and controlled integration
of defects, e.g. pores, have enabled novel applications of graphene in
filtration membranes, such as DNA sequencing, water desalination, and
gas filtration [24-29]. In this work, we used low-energy hydrogen
plasma because it allows controlled and selective etching of graphene
structure [30-32] without causing direct sputtering damage to graphene
when exposure is limited [33-35]. Actually, ultraviolet-ozone and ox-
ygen plasma treatment have been found to induce contaminations and
topological defects on graphene, respectively [36]. On the other hand,
hydrogen plasma treatment has yielded hydrophilic graphene support
suitable for cryo-TEM even though the underlying structural changes
that accompany the change in the graphene wetting property have not
been determined [15]. Here, we follow the effect of the hydrogen plasma
on the atomic structure of graphene using aberration-corrected, mono-
chromated HRTEM and Raman spectroscopy. Distinct atomic structures
were attained with increasing plasma exposure.

The modified graphene grids were then used for cryo-TEM experi-
ments on biological specimens. Bacteriophage T5 was used as a test
sample to search for the best conditions that achieved a thin, uniform
vitrified ice layer. Graphene grids with the atomic structure that yielded
the optimal wetting property were then used for the vitrification of a
membrane protein, the serotonin 5-HT3 receptor. Results from single
particle analysis of vitrified samples using treated graphene grids were
compared with those frozen on conventional holey carbon grids.

2. Methodology/experimental
2.1. Sample preparation

2.1.1. Preparation of structure-modified graphene grids

A graphene monolayer grown by chemical vapor deposition (CVD)
on a Cu foil substrate was purchased from Graphenea. The graphene
surface was covered with a thin protective layer of poly-methyl meth-
acrylate (PMMA). To transfer PMMA/graphene from the Cu substrate
onto holey carbon TEM grids, we employed the metal dissolution
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method [8,37]. The substrate was etched away chemically in an aqueous
solution of 0.2 M ammonium persulphate for 5 h. Subsequently, the
floating PMMA/graphene layer was transferred to deionized water for
thorough rinsing before being retrieved onto a TEM grid. The prepared
PMMA /graphene grids were then dried and immersed in acetone and
isopropanol to dissolve the PMMA layer.

All graphene grids were annealed under an oxygen environment at
150 °C for a few hours to eliminate the remaining hydrocarbon
contamination on the surface. Whereas high temperatures (i.e.,
>300 °C) or prolonged annealing of graphene in an oxidative environ-
ment can lead to oxidation and defect integration in graphene [38],
oxidative annealing of graphene at low temperatures can efficiently
remove hydrocarbon contaminants by oxidation and breaking of the sp>
C-H bond [39]. Therefore, in this work, we used oxidative annealing at
150 °C for 2-3 h for all graphene samples after the PMMA removal
procedure. This temperature is low enough to avoid significant oxida-
tion or defect generation while effectively minimize hydrocarbon con-
taminants, which allow the analysis of graphene at the atomic scale
(HRTEM images and Raman spectra before and after annealing are
found in Suppl. Fig. S1).

We used a Gatan plasma cleaner (Solarus Model 950) with a low-
energy hydrogen plasma to modify the atomic structure of the gra-
phene grids. The vacuum chamber was filled with 200 sccm of Hy to
maintain an operating pressure of 225 mTorr. The plasma was generated
with a low radio frequency power of 65 W. To investigate the impact of
the duration of hydrogen plasma treatment on the atomic structure of
graphene grids, each grid was exposed individually to hydrogen plasma
for varying durations. The modification in the atomic structure of gra-
phene is then characterized by HRTEM.

2.1.2. Vitrification of biological specimens on graphene grids for cryo-TEM

We prepared vitrified samples of bacteriophage T5 and detergent-
reconstituted mouse serotonin receptor (m5-HT3) on the plasma-
modified graphene grids. The T5 sample was prepared as described
previously [40]. The sample contained 10'® phages/ml in 50 mM Tris
(pH 7.5, 100 mM NaCl, 1 mM MgCl,, and 1 mM CaCly). The m5-HT3
sample was prepared as described by Grychowska et al. [41]. The
membrane protein at 1 mg/ml was solubilized in 50 mM Tris pH 7.4,
125 mM NacCl and 0.02 % C12E9. Around 3 pL of the sample solution
was applied to the plasma-modified graphene grids and plunged frozen
in liquid ethane using a Thermo Fisher Vitrobot Mark-IV. Blotting time
ranging from 3 s to 8 s was tested.

2.2. Characterization of plasma-modified graphene grids

Crystallinity of the graphene transferred onto TEM grids before and
after plasma-induced structural modification was investigated using
Raman spectroscopy. Raman spectroscopy is an efficient technique for
characterizing structural irregularities such as the nature and density of
defects in carbon-based materials on arbitrary substrates.

Raman spectra of the graphene monolayer across the holes on the
TEM grids were recorded using an inVia Raman microscope from
Renishaw with a power consumption of 150 W. The excitation laser had
a wavelength of 532 nm and a spot size of 800 nm. Several spectra were
recorded from various sites of the suspended graphene, each with an
acquisition time of 20 s and signal accumulation over 4 cycles.

The atomic structure of the graphene grids was investigated by
HRTEM before they were used as a support film for cryo-TEM sample
preparation. We employed an aberration-corrected monochromated
TEM (Titan Ultimate) with an 80 keV acceleration voltage to minimize
knock-on damage to the graphene by the electron beam. Image se-
quences were captured using a Gatan Oneview CMOS detector. Twenty
consecutive frames of 0.15 s were recorded and aligned for motion
correction to enhance the signal-to-noise ratio in the final image.

To assess the wetting properties of the structure-modified graphene
grids, we conducted water contact angle (WCA) measurements using a
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GBX-digidrop instrument. Following the application of a 0.7 pul droplet
of deionized water onto the graphene grid, an optical image was
promptly captured using a camera integrated in the instrument. Four
grids with pristine graphene were tested and 2 grids each for hydroge-
nated graphene and nanopore-integrated graphene grids. The deviation
among different grids was found to be within +5°, indicating good
reproducibility of the results.

2.3. Cryo-transmission electron microscopy

Cryo-TEM imaging was conducted on a Thermo Fisher Glacios mi-
croscope operating at 200 keV. Movies of 40 frames were recorded on a
Gatan K2 direct electron detector with a cumulated dose of ~40 e~ /A2,
The defocus value ranged from —0.7 pm to —2.3 pm. Particle picking
was done with cr'YOLO [42] and data analysis was carried out with
CryoSparc [43]. In each data set, several rounds of 2D classification, ab
initio model reconstruction with three 3D classes, and heterogeneous
refinement were performed. Visualisation of the model was done using
Chimera [44].

3. Results and discussion

After the graphene monolayer was transferred onto the TEM grids,
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the grids were treated to remove the PMMA protective layer on the
graphene and the remaining surface contamination. Each graphene
sample was then exposed to hydrogen plasma for a controlled duration
varied between 120 s and 132 s. While oxygen plasma can rapidly attack
the atomic structure of graphene, hydrogen plasma reacts with graphene
in progressive stages and allow controlled defect formation in the gra-
phene. The atomic structure of graphene after the various exposure time
was examined by aberration-corrected monochromated HRTEM
imaging.

Fig. 1 shows HRTEM images of the graphene grids before and after
hydrogen plasma treatment. Fig. 1a is a representative image of the
graphene surface before hydrogen plasma treatment. The hexagonal
close packed carbon atoms are clearly resolved. However, the surface is
still partially covered by PMMA residuals (coverage is around 40 %),
indicating that low-temperature annealing is insufficient to completely
eliminate the PMMA coating.

Fig. 1b shows the graphene grid after exposure to hydrogen plasma
for 2 min. The plasma treatment eliminated most of the PMMA while the
graphene atomic structure was preserved. The treatment yielded a
cleaner surface, where pristine area of around 30 nm? free of contami-
nation can be routinely found.

Extending plasma exposure by 10 s (Fig. 1c) initiated the formation
of carbon vacancies. Most vacancies corresponded to the removal of a

b)

Fig. 1. High-resolution TEM images of graphene samples before and after hydrogen plasma exposure. (a) Graphene before plasma treatment displays a regular
hexagonal close packed structure. Inset shows carbon atoms arranged in a hexagonal ring. (b) Graphene after 2 min of plasma exposure is mostly free of PMMA.
While stacking faults are present, no point defects are observed. (c) Graphene after 2 min 10 s of plasma exposure. Vacancies are formed. They are primarily mono-
atomic, as shown in the inset. (d) Graphene after 2 min 12 s of plasma exposure. Atomic vacancies have grown into nanopores after an additional 2 s of

plasma exposure.
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single carbon atom, matching the atomic model of a single-carbon atom
vacancy presented in the inset. The density of vacancies was determined
to be around four vacancies per 100 nm?.

No vacancy was found in the graphene samples with hydrogen
plasma treatment less than 2 min. The reason why vacancies form only
after 2 min of plasma treatment is speculative. One possible explanation
involves the presence of parasitic oxygen atoms in the system, which are
transformed into reactive oxygen species by the plasma. Due to their
preferential etching of the sp® hybridized PMMA, the density of these
oxygen atoms might not have been sufficient to attack the graphene
until most of the PMMA is eliminated (the "loading effect" in plasma
etching). Simultaneously, or alternatively, the graphene surface might
have become progressively hydrogenated due to the presence of the low
flux of energetic ions in the plasma. The latter explanation is supported
by the Raman spectroscopy results (see below). Indeed, molecular dy-
namic simulations[45] and experiments[46] have both shown that 5-10
eV H' ion bombardment leads to progressive chemisorption of hydrogen
on graphene. This chemisorption process is slow, reaching saturation
with a 30 % hydrogen coverage after an H' fluence > 106 ions/cm?
[*°]. The chemisorped hydrogen atoms distort the graphene surface
through sp® hybridization, thus weakening the carbon network. Any
high energy (>10 eV) ion or parasitic oxygen-based radical can then
etch the hydrogenated graphene, leading to the formation of vacancies.

Dangling bonds associated with the vacancies are easily attacked by
hydrogen atoms, leading to the quick etching of neighboring carbon
atoms at the initial vacancies. The etching results in pores of nanometer
size, which grow rapidly. As shown in Fig. 1d, once the initial vacancies
are formed, formation of nanopores takes only 2 s. These pores are
uniformly distributed in the sample with a density of around 6 per 100
nm? and their size varies between 1 nm and 3 nm (for 2 s additional
plasma treatment after vacancy formation).

The time required to produce vacancies was consistent with gra-
phene from the same batch, which have similar PMMA coverage. Dif-
ference of tens of seconds was found among different batches. Even
though the duration of plasma exposure for introducing atomic va-
cancies in graphene varied slightly from one batch to another, once
formed, the vacancies consistently grew quickly into nanometer-sized
pores within 2-5 s of further plasma exposure.

Although the PMMA residues seemed to be efficiently removed by
the plasma, residues of some heavier element persisted on the graphene
surface. These residues are clearly visible in Fig. 1c in the form of
randomly dispersed island of nanometer size even though they are not
visible in the field of view in Fig. 1b. Energy dispersion spectroscopy and
X-ray photoelectron spectroscopy showed these persistent residues to be
SiOx (Suppl. Figs. S2 and S3), which have also been reported in previous
studies [34,47].

Raman spectroscopy was performed on the graphene grids examined
by HRTEM to evaluate the crystallinity and the bonding nature of the
graphene modified by the plasma treatment. Fig. 2 shows Raman spectra
recorded from graphene suspended in the holes of the holey carbon TEM
grids. All Raman spectra exhibit the characteristic peaks of graphene,
namely G and 2D. Graphene before plasma treatment (Fig. 2a) shows a
sharp G and a 2D peak with a small D peak that corresponds to little
presence of defects. The results confirm the good crystallinity of the
sample before the plasma treatment, in agreement with the HRTEM
results (Fig. 1a). The graphene under plasma treatment was monitored
at 30 s intervals by Raman spectroscopy, which showed little change
before 2 min (Suppl. Fig. S4). After exposing to the plasma for 2 min, the
Raman spectrum shows the growth of sharp D and D’ peaks, a slight
broadening and decrease in the 2D peak compared to the G peak, as well
as the emergence of a D + D’ combinational mode can be observed
(Fig. 2b). The evolution of the Raman results indicates a change in the
chemical nature of the graphene even though HRTEM analysis of this
sample indicated no structural changes induced by the plasma exposure
(Fig. 1b). Indeed, the Raman spectrum closely resembles published
spectra of hydrogenated graphene that has been confirmed by X-ray
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Fig. 2. Raman spectra of graphene suspended in holes in holey carbon TEM
grids in Fig. 1(a—d). (a) Graphene before plasma treatment shows characteristic
G and 2D peaks. (b) Graphene after 2 min of plasma treatment shows a sig-
nificant increase in the D and D' peaks, in agreement with graphene hydroge-
nation. (c) Graphene with atomic vacancies exhibits a profile identical to the
partially hydrogenated samples. (d) Graphene with nanopores displays char-
acteristics of defective graphene.

photoelectron spectroscopy [48], [47]. In these spectra, the sharp D
peak results from the disruption of the translational symmetry of the C-C
sp? bonds and the formation of sp>-hybridized C-H bonds in hydroge-
nated graphene, as expected with low energy hydrogen plasma treat-
ments [34], [47]. The similar Raman results in Fig. 2b thus suggest that
the graphene surface is hydrogenated. On the other hand, hydrogena-
tion is difficult to detect by HRTEM, which shows only a regular gra-
phene lattice for this sample (Fig. 1b).

The Raman spectrum of the sample containing atomic vacancies
(Fig. 1c and 2c) exhibits characteristics similar to those of the partially
hydrogenated sample, which showed no point defects in HRTEM (Fig. 1b
and 2b). This observation is particularly interesting because the Raman
signal originating from monoatomic carbon vacancies in graphene
closely resembles or is dominated by the signal produced by hydroge-
nation. Consequently, distinguishing between atomic vacancies and
hydrogenation in graphene using Raman spectroscopy is challenging. In
contrast, this information was evident from HRTEM (Fig. 1b and c).

The Raman spectrum of the sample with integrated nanopores
(Fig. 1d and 2d) confirms the presence of highly disordered graphene
features with a significant reduction in the height of the 2D peak and the
broadening of the G band intensity. These Raman spectroscopy results
support and complement the findings from HRTEM analysis of the
samples.

We next investigated the relationship between the different struc-
tures exhibited in the graphene layers and their wetting properties
during cryo-TEM sample preparation. We employed graphene TEM grids
that exhibited the four typical structures (native, partially
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hydrogenated, vacancy, nanopore) as support films for sample vitrifi-
cation. We used the bacteriophage T5 as a test sample. These viral
particles have a capsid of ~90 nm connected to a tail with fine structures
(a negative stained image of T5 can be found in Suppl. Fig. S5). The large
capsid makes it easy to identify the sample particles. On the other hand,
the fine details of the tailpiece allows an estimation of the thickness of
the ice layer; as the signal-to-noise-ratio of the image depends on the ice
layer thickness, which contributes to background scattering, the reso-
lution of the fine tail fibers would indicate thin ice.

Vitrified T5 samples were prepared on the different graphene grids to
be examined by cryo-TEM. Around 4 pl of sample solution was applied
onto the graphene grid in the humidity and temperature controlled
Vitrobot chamber. The grid was then blotted with filter papers and
plunge frozen in liquid ethane. The vitrified sample was then observed
by cryo-TEM at near liquid nitrogen temperature.

Fig. 3a shows the T5 sample applied onto a graphene grid without
any hydrogen plasma treatment. Ice pellets from vitrified droplets of
sample solution can be observed on the graphene surface. The inherently
hydrophobic graphene has impeded the sample solution from staying
uniformly across its surface. Instead, the applied sample drop had
broken up during blotting into droplets possibly trapped by isolated
patches of impurities (e.g. PMMA), defect sites, folds or dip in the gra-
phene layer, giving rise to the pellets observed. We note that some
pellets are large enough to contain viral particles.

Fig. 3b shows the sample applied to the partially hydrogenated
graphene. Numerous pellets of around 100 nm are observed on this
surface, suggesting that graphene hydrogenation has increased the
density of isolated hydrophilic patches. Nevertheless, the partially hy-
drogenated surface does not allow the formation of a continuous ice
layer.

In contrast, a uniform ice layer is found on the graphene sample
containing atomic defects (for both vacancies and nanopores) as shown
for the vacancy created sample in Fig. 3c. On this grid, the T5 viral
particles are well dispersed. This observation implies that atomic va-
cancies can transform the hydrophobic graphene surface into a hydro-
philic one. Such a substantial change in wetting property can be
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attributed to an increase in graphene surface energy due to the intro-
duction of dangling bonds through vacancy formation. When the surface
energy exceeds the binding energy of water molecules, it enables the
separation of water molecules, allowing water to bond with the gra-
phene surface and spread uniformly across the surface. A similar result
of uniform ice layer formation was observed on the nanopore-integrated
graphene sample. These results indicate that a few dangling bonds are
sufficient to increase graphene surface energy and transform a hydro-
phobic surface into a hydrophilic one.

Since TEM is a local technique in the microscopic scale, we further
quantified the wetting properties of different graphene samples on a
macroscopic scale by water contact angle measurements. An optical
image was captured immediately after the application of a drop of 0.7 pL
deionized water onto the graphene grids treated with various plasma
treatment duration. These images displayed in Fig. 4 show the interac-
tion between the water droplet and the graphene grids. The contact
angle in Fig. 4a for graphene without hydrogen plasma treatment
measures 84° characteristic of a hydrophobic surface. The partially
hydrogenated sample shown in Fig. 4b maintains a hydrophobic nature,
with a nearly identical contact angle of 80°. Fig. 4c shows the mea-
surement on nanopore integrated graphene after 2 min 12 s of plasma
treatment, indicating that defects (e.g. nanopores), effectively enhance

a) No plasma treatment

b) Partially hydrogenated

Fig. 4. Water contact angle measurement on graphene grids before and after
hydrogen plasma treatment. (a) Graphene without plasma treatment is hydro-
phobic with a contact angle of 84°. (b) Partially hydrogenated graphene surface
(2 min plasma treatment) remains hydrophobic with a similar contact angle of
80°. (c) Nanopores generated after 2 min and 12 s plasma treatment on gra-
phene renders the surface hydrophilic with a contact angle of 58°.

c) Nanopores

<% "W Uniform ice layer

Viral
particles

Uniform
ice layer

o' e do

Viral particle

Fig. 3. Cryo-TEM images of T5 viral particles in solution applied to monolayer graphene with and without hydrogen plasma treatment. (a) Graphene without plasma
treatment suspended on lacey carbon grid. Few ice pellets are formed on intrinsically hydrophobic graphene. Some viral particles are trapped in the large and round
ice pellets. (b) Graphene after 2 min plasma treatment suspended on C-flat grid with 2 pm holes. Numerous small ice pellets of around 100 nm are formed on the
partially hydrogenated graphene surface. No viral particles are found in these small ice pellets. (c) Graphene after plasma treatment of 2 min 10 s suspended on C-flat
grid. Defect integration (atomic vacancy) transforms the hydrophobic graphene surface into a hydrophilic one, enabling uniform ice layer formation with evenly
distributed viral particles. (d) Schematic drawing representing the ice formed in the three cases.
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the wetting properties of graphene, resulting in a lower contact angle of
58°. The water contact angle measurements are in good agreement with
the cryo-TEM results (Fig. 3).

As ice thickness is a critical parameter that impacts the processes in
single particle analysis, we next investigated the behavior of nanopore-
integrated graphene grids as we varied the vitreous ice thickness. In
general, ice layer encompassing the sample should be thin to minimize
the multiple scattering of the electrons to achieve optimal contrast for
particle picking and particle alignment. On the other hand, it should be
thick enough to avoid protein denaturation. The ice thickness is gener-
ally controlled by the blotting time in the vitrification process. Before
plunging into liquid ethane, extra sample solution is blotted away by
filter paper brought into contact with the grid. In this way, only a thin
layer of sample solution remains on the grid.

Fig. 5 shows cryo-TEM images of T5 viral particles vitrified with
increasing blotting time. The phage T5 is a model virus, which infects
Escherichia coli [40]. It consists of an icosahedral capsid (90 nm in
diameter) packed with DNA, connected to a 160 nm long tail tube. Fine
tail fibers of around 3 nm in diameter are found in the tip complex at the
distal extremity of the tail [49]. Low magnification images of the gra-
phene suspended in the holes of the C-flat film (Fig. 5 top row) show
progressively thinner ice with increasing blotting time, as expected.

Higher magnification images (Fig. 5 bottom row) confirm this trend.
The T5 capsid can be readily recognized in all images. Nevertheless,
whereas only the central tube of the tail can be observed easily in the
first case (2 s blot time), the tail fibres can be discerned in the second
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case (4 s blot time), as expected for thinner ice. In the last case (6 s blot
time), however, the particles appear different from those in the other
images. The background is no longer homogeneous but show darker
contrast around the viral particles. Some capsids also have a lighter
contrast than other capsids and some do not appear symmetrical.
Moreover, long, tangled fibres are found. These observations suggest
that the 6 s of blotting has removed most of the buffer solution except
that around the dense viral prarticles. The sample dehydration has likely
damage some capsids (lighter contrast, less spherical capsids), causing
them to empty their DNA (long fibres in the background) (Fig. 5¢). Such
thin ice would probably not be realizable as freely suspending ice using
conventional holey C film alone.

Then, we tested the nanopore-integrated graphene grid for cryo-TEM
data collection of the mouse serotonin 5-HT3 receptor sample for single
particle analysis. This membrane protein is a pentameric
neurotransmitter-gated ion channel of ~250 kDa and is a drug target for
a variety of disorders. It consists of an extracellular domain (ECD), an
transmembrane domain (TMD), and an intracellular domain (ICD). The
ECD is beta-sheet rich and the TMD forms an alpha-helical pore [50].
Membrane proteins often exhibit poor density and distribution in free-
standing ice layer on holey TEM grid. With conventional holey carbon
grids, we found that a high concentration of protein (~3 mg/ml) gave
satisfactory results. Nevertheless, since the protein has a strong prefer-
ence to bind the carbon film, the sample solution had to be applied twice
in order to saturate the carbon film during the first application to in-
crease the proportion of protein molecules in the holes upon the second

c) Blot 6 sec

ail fiber

Graphene supportedice

Blotting time (sec)

Fig. 5. Bateriophage T5 sample vitrified with increasing blotting time on hydrophilic graphene support film. (a) 2 s blotting. Capsid and tail tube of the viral particles
are visible. (b) 4 s blotting. Besides the capsid and the tail tube, fine tail fibers near the tip of the tail tube are also visible. (c) 6 s blotting. Capsids appear in two
different contrast. The capsids that appear lighter (less dense) are damaged and emptied of DNA. (d) Schematic of ice thickness variation with blotting time:

graphene-supported ice vs freestanding ice.
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sample application.

We vitrified the m5-HT3 sample using two grids without graphene
and two grids with nanopore-integrated graphene. The vitrification was
carried out with the same blotting time (6 s) for the two grids without
graphene and the first grid with graphene support (Fig. 7) and with
reduced blotting time (4 s) for the last grid with the graphene support.
Fig. 6 displays cryo- TEM images of m5-HTs3 protein particles on a grid
without graphene (Fig. 6a) and on a grid with graphene support
(Fig. 6b). Sample concentration used for the grids without graphene was
three times higher than for the grids with graphene support (see
Table 1). In Fig. 6a, protein particles are observed near the edge of the
holes and on the carbon film. In contrast, protein particles are evenly
distributed on the graphene support (Fig. 6b).

We compare the data processing results of the grids with or without
graphene support (Fig. 7). Given that the total number of exposures/
movies acquired was different among the 4 datasets, we randomly
selected 1048 exposures for each data set. From these 1048 exposures,
the total number of particles with the graphene support was ~3 times
higher than that without graphene support. During data processing, no
significant difference was observed among the 2D class averages
(Fig. 7b) obtained from data sets with and without graphene support,
though a slightly better resolution of the 3D reconstruction was obtained
with graphene support films based on the Fourier shell correlation
estimation.

Nevertheless, it is obvious that part of the TMD with the entire ICD
are missing in the reconstruction from data set 3. We speculate that the
ice on the grid for data set 3 may have been too thin (this grid was
blotted with filter paper for 6 s before plunge freezing vs 4 s for the grid
that yielded data set 4), increasing the probability of interaction of the
detergent belt around the TMD of the protein with the graphene layer or
the interaction with the air-water interface. The interaction would have
distorted the TMD and the small ICD, resulting in the lack of information
on these domains.

4. Conclusion

The relationship between the graphene atomic structure and its
wetting property has been investigated. Using a hydrogen plasma, we
progressively transformed the graphene structure, which we followed
using Raman spectroscopy and HRTEM. Hydrogenation of the surface
was followed by the formation of vacancies, which then grew into
nanopores. Cryo-TEM and contact angle measurements determined that
the incorporation of defects (vacancies or nanopores) in graphene
transformed the hydrophobic surface into a hydrophilic one.

a) Without graphene

Protein
particles

o

Freestanding ice

\

Amorphous-carbor}dayélﬁ‘ ]

23
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The duration of plasma exposure necessary to form vacancies in the
graphene was consistent for graphene from the same commercial batch
but varies slightly among different batches. Thus, once the optimal
duration is established for a batch, nanopores can be reliably reproduced
in the graphene. The mechanical property of the nanopore-integrated
graphene remains adequate as a support film as graphene remains
intact in the holes of the holey carbon grid (Fig. 5). Nevertheless, pro-
longed plasma treatment should be avoided as the corresponding in-
crease in size of the nanopores will lead to reduced mechanical strength
manifested as broken graphene in the holes of the holey carbon film.
Whereas hydrogen plasma treatment allows controlled introduction of
vacancy and nanopores to the graphene surface, other more aggressive
plasma treatments (e.g. air or oxygen plasma) readily generate larger
pores, which weaken the graphene. In this case, bilayer or multilayer
graphene should be used to ensure adequate mechanical strength as a
support film [14]. These findings could advance the routine use of
reliable graphene support films in cryo- TEM experiments.

With the transformed graphene as a support film, we showed that it
was possible to achieve a uniform ice layer with precise control over the
ice thickness in cryo-TEM TEM experiments. Vitrification of a membrane
protein solubilized in detergent using the nanopore-integrated graphene
support film showed a uniform distribution of particles with a higher
density of particles retained on the grid than using a conventional holey
carbon grid, even with a sample of lower concentration. Although the 3D
reconstruction with the graphene support attained a slightly higher
resolution according to the Fourier shell correlation estimate, informa-
tion on part of the protein was missing in one of the data set, possibly
due to the denaturation of the protein with a solution layer that became
too thin with excessive blotting before vitrification. These results
showed that graphene could be an asset for low-yield protein, including
membrane proteins. Nonetheless, vitrification conditions need to be
carefully determined for optimal protein preservation and imaging
resolution, just as in the case of using conventional holey carbon films.
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Fig. 7. Single particle analysis of the m5-HTj3 receptor from cryo-TEM datasets acquired without (Data set 1-2) and with nanopore-integrated graphene support (Data
set 3-4): (a) Data processing workflow with statistics from each step of the four data sets. (b) 2D classes of the collected particles in different orientations. (c)
Reconstructed 3D volumes of the protein from the four data set with color coding of the local resolution. The three domains: extracellular domain (ECD), trans-
membrane domain (TMD), and the intracellular domain (ICD) are resolved with recognizable secondary structures from data sets 1, 2, and 4. Information on part of
the TMD and the entire ICD are lost in the reconstruction from data set 3. The resolution indicated by the gold standard Fourier shell correlation (GSFSC) is slightly
better for the reconstruction obtained with the graphene support.

Table 1

Comparison of experimental parameters for cryo-TEM experiments of m5-HT3
receptor with and without graphene support.

Sample parameters

Concentration of protein sample in solution

(mg/ml)
Application of specimen solution (uL)

Average number of collected particles (1048

images)

Without With
graphene graphene
3 1

3.5x2 3.5
110,149 330,108
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