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Abstract
In the present study, we showed that hydrophilic graphene can serve as an ideal imaging plate for
biological specimens. Graphene being a single-atom-thick semi-metal with low secondary
electron emission, array tomography analysis of serial sections of biological specimens on a
graphene substrate showed excellent image quality with improved z-axis resolution, without
including any conductive surface coatings. However, the hydrophobic nature of graphene makes
the placement of biological specimens difficult; graphene functionalized with
polydimethylsiloxane oligomer was fabricated using a simple soft lithography technique and
then processed with oxygen plasma to provide hydrophilic graphene with minimal damage to
graphene. High-quality scanning electron microscopy images of biological specimens free from
charging effects or distortion were obtained, and the optical transparency of graphene enabled
fluorescence imaging of the specimen; high-resolution correlated electron and light microscopy
analysis of the specimen became possible with the hydrophilic graphene plate.

Supplementary material for this article is available online

Keywords: graphene, polydimethylsiloxane (PDMS), scanning electron microscope (SEM),
correlative light and electron microscopy (CLEM)

(Some figures may appear in colour only in the online journal)

1. Introduction

To study the microstructural features of cells and tissues in
biological specimens, scanning electron microscopy (SEM) or
transmission electron microscopy (TEM) is most often used
[1, 2]. In general, in order to analyze the internal ultra-
structure of a biological specimen using an electron
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microscope, the specimen is hardened with a resin, and sliced
into sections each 50–300 nm thick using an ultra-microtome
[3]. Such ultrathin sections are handled by floating them on
the surface of water and section ribbons can be collected on a
TEM grid or a flat plate. In addition to general electron
microscopic observations, 3D electron microscopic analyses
such as array tomography can be performed using back-
scattered electron (BSE)-SEM, to specifically analyze the
spatial interactions in the biological specimens [4–7].

Electron microscope plates for biological specimens must
meet two important criteria, especially for BSE-SEM ima-
ging: first, the surface of the imaging plate must be hydro-
philic in order to successfully mount the serial sections from
an aqueous solution; and second, the plate must be somewhat
electrically conductive to prevent the charging effect, an
accumulation of electrons on the surface of the specimen. In
general, insulating samples such as biological specimens are
coated with a thin layer of metal or carbon to prevent the
charging effect [8–12]. However, such post-treatments often
interfere with nano-microstructures of specimens, and hence
hinder the ability to make accurate observations. Recently,
Kubota and colleagues demonstrated that a carbon nanotube
(CNT) tape can be used as a substrate for serial-section
electron microscopy of brain ultrastructures [13]. Use of a
plasma-hydrophilized, CNT-coated polyethylene ter-
ephthalate tape successfully resolved the issues of section
wrinkle formation and charging during imaging. However,
possible artifacts arising from a CNT is envitable, since a
CNT itself is curved on the nanoscale, variations in the
topography of the CNT substrate on the nano-micro-scale can
result in variations in the morphology and behaviors of cel-
lular specimens [14–20]. To overcome these issues, one-
atom-thick, essentially two-dimensional graphene may be
considered an ideal substrate for electron microscopy ima-
ging. The atomically smooth surface of graphene would not
initiate the formation of topography-induced artifacts, and the
excellent electrical conductivity of graphene would prevent
sample charging during imaging. Since large-scale production
of relatively uniform graphene is possible using chemical
vapor deposition (CVD) [21–24] commercial production of
graphene-based imaging plates is feasible [25–27]. Graphene
has been used in a variety of electron microscopy imaging
analysis components such as TEM grids, and as veils to
image biological specimens [11]. However, there exists a
problem in using graphene as an electron microscopy plate:
the graphene surface is essentially hydrophobic. While the
surface energy of graphene can be controlled using a substrate
(due to the transparency of graphene) [28–30], it is difficult to
transfer graphene onto a hydrophilic substrate. In recent
years, much research has been conducted on controlling the
wettability of the graphene surface through a variety of
methods such as plasma treatment [27, 31, 32]. UV irradiation
[33, 34], laser irradiation [34, 35], and chemical functionali-
zation [36–40]. For example, Son et al used hydrogen plasma
to produce hydrophilic graphene to be used as a cell substrate
[31]. However, most of these methods cannot at the same
time make the graphene hydrophilic and keep the graphene
lattices intact and relatively free of physical and chemical

defects. Therefore, developing a technology that can easily
produce hydrophilic graphene without damaging too much of
its character is essential for using graphene as electron
microscopy plates for biological specimens.

In the present study, we introduced polydimethylsiloxane
(PDMS) oligomers onto graphene to form PDMS oligomer
functionalized (PO) graphene, and subsequently, plasma was
treated on the functionalized graphene surface to provide the
hydrophilic, plasma-processed, PDMS oligomer functiona-
lized (PPO) graphene. These forms of graphene were tested as
electron microscopy imaging plates, and their physicochem-
ical characteristics were investigated. Specifically, surface
wettability characteristics were determined by measuring
water contact angles in various conditions, surface composi-
tion analysis was achieved using x-ray photoelectron
spectroscopy (XPS) and Fourier-transform infrared (FTIR)
spectroscopy, and the intactness of the produced graphene
was confirmed by carrying out Raman spectroscopy and sheet
resistance mapping experiments. Finally, various biological
specimens were prepared on imaging plates made using the
produced hydrophilic graphene, and were investigated using
SEM to determine the applicability of the developed
procedure.

2. Results

Figure 1 shows (a) schematic of graphene imaging plate
fabrication and characteristics of them. As shown in
figure 1(a), PPO graphene in the present study is expected to
show unique performance as an imaging plate, due to optical
transparency, high electrical conductivity, and mobility, as
well as secondary electron suppression characters of graphene
[41–45]. Briefly, non-crosslinked PDMS oligomers diffused
out from the stamp onto the graphene surfaces to provide very
thin oligomer layers of ∼1 nm thick layer on graphene sur-
faces (FTIR spectra in figure 1(b), TEM image in figure S1
(available online at stacks.iop.org/NANO/33/505101/
mmedia), and XPS spectra in figure S2) and then became
hydrophilic with the plasma treatment. As shown in the
figure, hydrophilic graphene imaging plates produced in the
present study exhibit surface energy values suitable for pla-
cing biological specimens (see figures 1(c) and S3). Through
Raman spectroscopy analyses, we have confirmed that
excellent physical characteristics of graphene were relatively
well-preserved; the PDMS oligomer serves to protect the
graphene surface from plasma treatment (see figures S4–S6).
As shown in the figure S4, though defect-related D-peak
increases with plasma treatment for both oxygen plasma
treated graphene and PPO graphene, PPO graphene showed
larger 2D/G ratio compared to oxygen plasma-treated gra-
phene. Also, though a significant increase in D peak has been
observed with PPO graphene, D peak intensity for PPO
graphene was measured to be ∼70% of that of graphene
treated with oxygen plasma (figure S5). Since defects in
graphene were made by plasma treatment, no D peak
appeared in PO graphene (figure S6).
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PPO graphene showed an average sheet resistance of
9.86 kΩ/,, which, although ∼6 times higher than that of
pristine graphene, is ∼80% lower than that of the plasma-
treated graphene (see figures 1(d) and S7). These results
confirm the presence of PDMS oligomer layers on graphene

surfaces that play a protective role against plasma irradiation
and provide hydrophilic Si–OH groups. Figures 1(e) and (f)
highlight the importance of surface energy of the imaging
plate; while a wrinkle-free clean section specimen can be
made with PPO graphene, a section specimen placed on a

Figure 1. Fabrication and characterization of hydrophilic graphene. (a) Schematic of graphene imaging plate fabrication and unique
advantage of it. (b) Fourier transform infrared spectra (FTIR) of graphene, PO graphene, graphene processed with oxygen plasma, and PPO
graphene. (c) Measured water contact angles on graphene, PO graphene, and PPO graphene respectively. (d) Sheet resistance mapping
images of graphene, low magnification images of section specimen placed on (e) graphene, and (f) PPO graphene. White arrowheads in e
highlight wrinkles and folds on section specimen.
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hydrophobic, pristine graphene suffers from large amounts of
wrinkles and folds.

Performances of PPO graphene imaging plate have been
verified with BSE-SEM imaging of serial section specimen.
Ultra-thin serial sections of specimens placed on glass slides
covered with, pristine graphene, PO graphene, and PPO
graphene respectively, were analyzed using BSE-SEM as
shown in figure 2. We collected the serial sections that were
floating on water by dipping either hydrophobic or hydro-
philic flat plates into the water. As shown in figures 2(b) and
(d), many wrinkles (marked with white arrowheads) were
found spanning entire domains of specimens mounted on the

hydrophobic plates, i.e. those with pristine graphene and
those with PO graphene. Some sections on the PO graphene
(see movie M1) were observed to be deformed by the wrin-
kles in the high-magnification images of the same target. In
contrast, as shown in figure 2(f), the specimen mounted on the
hydrophilic PPO graphene plate showed no wrinkles, allow-
ing high-resolution imaging (see movie M2). In the 3D
structure reconstructed from serial images on PPO graphene
(see figure 2(g) and movie M3), the subcellular organelles
such as the endoplasmic reticulum (ER) and mitochondria
could be clearly distinguished within the neuronal cell body.
Wrinkle-free section specimens were also obtained with the

Figure 2. BSE-SEM images of serial sections and 3D reconstruction. (a)–(c) Serial sections of a mouse on (a), (b) pristine graphene, (c), (d)
PO graphene, and (e), (f) PPO graphene. White arrowheads mark wrinkles in the sections. (d), (e) Representative high-magnification images
of the serial sections on (d) PO graphene and e PPO graphene. 3D structures of (g) the neuronal cell body and (h), (i) dendrite and synapse,
with blue showing the nucleus, green the plasma membrane of the neuronal cell body, yellow the endoplasmic reticulum (ER), red or orange
the mitochondria, magenta the dendrite, sky-blue the axonal bouton, and white the synaptic vesicle.
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PPO graphene substrate when we changed the section col-
lecting method to a loop method (see figure S8), and could be
used for large (2 mm wide specimens) sections as well,
though a small number of wrinkles appeared on the edges of
the large specimen (see figure S8(f)). Therefore, a PPO gra-
phene substrate can be utilized to prepare wrinkle-free spe-
cimens in general BSE-SEM experiments.

Next, we investigated the importance of the electrical
conductivity of the imaging plates. The imaging plate with
high electrical conductivity made it possible to acquire high-
resolution SEM images without conductive carbon coating
process, normally used to prevent charging effect during SEM
analysis (see figure S9). No significant charging effect was
observed for either the pristine graphene plate or the PO
graphene plate before plasma treatment was carried out (see
figure S10). The inclusion of a PDMS oligomer layer on
graphene treated with oxygen plasma had a marked effect on
the image quality. As shown in figures S11(a) and S12(c), a
severe charging effect occurred for a mouse brain section on

graphene treated with oxygen plasma (yellow arrowheads),
but no charging effect was observed when using PPO gra-
phene as the substrate (see figures S11(b) and S12(a)). Image
drift and charging were also observed for plasma-treated
pristine graphene films (i.e. ones without any PDMS oligomer
layer) as marked with yellow arrowheads in figure S12(b).

Having a hydrophilic and electrically conductive sub-
strate was determined, based on the above observations, we
explored the advantages of graphene compared to conven-
tional metallic substrate, which also provides excellent elec-
trical conductivity for imaging. Figure 3(a) shows a
comparison of images of mouse brain sections on various
metallic or metal-like substrates including graphene-trans-
ferred glass slides. Of these tested plates, use of the graphene
plate yielded the clearest images of the sectioned specimen,
for both 2 keV and most notably for 5 keV acceleration
voltages (AV). During BSE-SEM imaging, the penetrating
depth from the surface of the section can be determined by the
energy represented by the AV [46]. When higher AVs were

Figure 3. BSE-SEM images of ultra-thin sections on various conductive plates. (a) Schematic of multi-energy imaging with metallic substrate
BSE-SEM images of ultra-thin sections on a (b) copper tape, (c) ITO glass, (d) silicon wafer and (f) graphene film. The images were
acquired using acceleration voltages (AV) of 2 keV (top row) and 5 keV (bottom row). White arrows indicate in each case the focusing area.
(e) Illustrates multi-energy imaging schematic with graphene plate. (f) BSE images of a representative section on PPO plate acquired with
(i) 20 stacks acquired with only 1.177 keV, (ii) 20 stacks acquired with only 3.086 keV AV (iii) 100 stacks from images acquired with multi
energy values of 1.177, 1.783, 2.273, 2.700 and 3.086 keV, (iv) deconvolution processed images of (iii). Black arrowheads and arrows in
(g) show some vesicles and white arrowheads show the Golgi Complex.
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used, strong BSE signals and SE signals derived from the
substrate with high electron density, i.e. metallic substrates,
interfered and reduced the image contrast containing the
structural information of the specimen (see figures 3(b)–(d)).
Graphene imaging plate, however, did not cause such a pro-
blem, since graphene consisted of carbon atoms only, single-
atom-thick, and known to significantly reduce secondary
electron emission from the substrate [41–45]. Since the clo-
sely spaced carbon atoms (0.142 nm) in graphene enhance the
elastic BSEs, fewer electrons enter below graphene, and it is
even more difficult for low energy, scattered electrons to exit
from graphene. Such aspects of graphene have successfully
been demonstrated for suppressing secondary electron yields,
which is crucial for various electronic devices including
accelerators [41–45].

For three-dimensional structural analysis using serial
section SEM, it is crucial to acquire images containing struc-
tural information along the entire depth of the sections; high
AV that may penetrate the entire section depth has to be used.
With low AV, sufficient structural information within a section
cannot be obtained, because the image has gained only from
the top surface of the section (see figures 3(g)–(i)). While
metallic substrates including ITO exhibit obscured images with
a high AV (see figure 3(c), bottom row), rich structural
information could be obtained with PPO graphene by varying
AV (see figure 3(f)). Therefore, PPO graphene is an ideal
substrate for 3D structural analysis using serial sections.
Especially, PPO graphene is irreplaceable for analyzing the 3D
structures of small subcellular organelles such as ER, where
thinner serial sections than subcellular organelle are needed.
Multi-energy deconvolution (MED) is a method of obtaining
optically sectioned images through a deconvolution process of
images produced by energy-dependent penetration depth and is
used to overcome the physical size limit of section specimens
made using an ultramicrotome [47]. MED cannot be applied to
specimens on metallic substrates due to the difficulty of ima-
ging at high AV, nor to carbon-coated specimens on PI film,
because indefinite amounts of carbon coated on the section
surface obscured the penetration depth from the surface.
However, with a PPO graphene imaging plate, MED analysis
is possible on serial section SEM, and images with enhanced z-
axis resolution can be obtained (see figures 3(g)-iv). While
mitochondria and its adjacent ER could be clearly dis-
tinguished (black arrows) with a single AV, ultrastructures
such as vesicles and Golgi complex could not be clearly dis-
tinguished as shown in the side view of the image stack (see
figures 3(g)-i and (g)-ii). However, leaflets of Golgi complex
(white arrowheads) and vesicles (black arrowheads and arrows)
are clearly discernible in the side view of the image stack
acquired using multi-energy and their deconvolution (see
figures 3(g)-iii and (g)-iv). Dendritic ER, which is thinner than
the section thickness (50 nm), is hard to reconstruct using serial
section SEM analysis, can also be reconstructed in more detail
from the image set containing the sub-slice images obtained
using the MED method (see figure 2(g)).

Finally, unique advantages of using PPO graphene as a
correlative light and electron microscopy (CLEM) plate were
sought. CLEM is the combination of optical microscope
(fluorescence microscope in general) and electron microscope,
and is used in life science research [48]. Since the results shown
by the fluorescence microscopy and the electron microscopy are
different, it is intended to compensate for the shortcomings
between the two methods by merging the two methods. Many
fluorescent materials lose their properties during sample prep-
aration for electron microscopy analysis. Therefore, sample
preparation for CLEM is often prepared by a method with low
contrast [49]. Due to the lack of any need, when using PPO
graphene, to carry out a post-treatment such as surface coating
(which would otherwise be necessary when imaging insulating
specimens) and due to the ability to use the optical transparency
of graphene, it was possible to apply dye for fluorescence
microscopy and obtain both fluorescence microscopy and elec-
tron microscopy images with a single PPO graphene plate.

As a model system of CLEM using PPO graphene, intra-
cellular distribution of fluorescence-labeled cell penetration
peptide (CPP) has been investigated. Figures 4(a) and (b) show
fluorescence images and corresponding BSE-SEM images of
serial sections respectively. Here, the ultrathin serial sections of
TAMRA (red) labeled CPP treated cells after CLEM sampling
were placed on a PPO graphene plate and then stained using
DAPI reagent (Fixed Cell ReadyProbesTM Reagent DAPI).
Since we could not observe the cellular membrane with the
fluorescent microscope, and the CPPs appeared not far from the
nucleus as shown in the high-resolution fluorescence microscope
images in figure 4(a)-(i), the presumed location of CPPs was in
the cytoplasm. However, as shown in the CLEM images in
figure 4(c), CPPs were located inside the vesicles that were
released out of the cell. 3D rendered images of CLEM in
figures 4(d), (e) also confirmed overall distribution of CPPs in
vesicles situated outside of the cell. Therefore, functional ana-
lysis of biological systems with highly improved 3D spatial
resolution is possible with the PPO graphene in the present
study. Although conductive ITO thin films were used for CLEM
previously [50], those are no match for PPO graphene. High
AV, which is necessary for improved z-axis resolution cannot be
used due to charging effect and secondary electrons coming
from the ITO plate. It is also worth mentioning that ITO plates
used for CLEM previously had higher electrical conductivity
than monolayer graphene used in the present study. Presumably,
the excellent charge mobility of graphene enabled efficient
redistribution of back-scattered electrons to prevent charging
effect [51]. In addition, as shown in figure S13, the fluorescence
microscopy images of section specimens placed on ITO plates
showed inferior image quality to PPO graphene, confirming the
superiority of PPO graphene in CLEM imaging.

We expect that continued work on CLEM analysis will
contribute to a better understanding of biological specimens,
and we plan to develop a protocol for bimodal, CLEM image
analysis of biological specimens using the PPO graphene
imaging plate in the present study.
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3. Conclusion

In summary, we demonstrated plasma-treated, PDMS oligo-
mer-functionalized graphene (PPO graphene) as a multi-
functional imaging plate for biological specimens. PDMS
oligomer layers that diffused onto graphene surfaces as a
result of PDMS stamping for 30 min protected the graphene
from oxygen plasma treatment and at the same time made the
surface hydrophilic. Such prepared plates were effective even
for large sections of biological specimens; the hydrophilicity
of the plates prevented specimen sections from forming
wrinkles or folds, and no charging or image distortions
occurred because the excellent electrical properties of gra-
phene were maintained due to the protection afforded by the
PDMS oligomer layer. While specimen sections on metallic
substrates such as Cu or ITO cannot be properly imaged with
high voltage due to the high density of BSE signals coming
from the substrate, in contrast, graphene—being a single layer
of carbon atoms arranged in a two-dimensional honeycomb

lattice—is free of such issues since the subject specimen is
mainly composed of carbon just as is graphene/polymer, and
therefore can be considered to be an ideal substrate for BSE-
SEM analysis. These unique characteristics of graphene
enabled its deployment in our experiments to improve the z-
resolution using MED electron microscopy. Moreover, the
optical transparency of graphene combined with its high
electrical conductivity enabled a bimodal (confocal fluores-
cence microscopy and electron microscopy) analysis of a
biological specimen with a single plate. The imaging plate in
the present study can be commercialized at an affordable
price, as the plates can be produced on various plastic sub-
strates as shown in figure S14. Yet, scalable production and
processing of graphene, as well as expansion of applications
of the imaging plate needs to be preceded. Considering that
the properties shown in the present study (optical transpar-
ency, electrical conductivity, and excellent charge mobility
with a truly two-dimensional electron density distribution) are
only possible with graphene, and considering the simplicity of

Figure 4. Correlative light and electron microscopic (CLEM) analysis of culture cell on a PPO graphene plate. (a) Low magnified fluorescent
image of serial sections from culture cell and (a)-(i) higher magnified representative fluorescence images, (b) Low magnified BSE-SEM
image of serial section and (b)-(i) higher magnified BSE-SEM images of the same sections. (c) Merged fluorescence/SEM images. N;
nucleus. DAPI stained regions (blue) were matched well with nucleus structures in BSE-SEM images, (d) the stacked fluorescence images
with a representative BSE-SEM image, (e) 3D rendering images of the stacked fluorescence images. The serial fluorescent images are well
aligned and show the three-dimensional distribution of CPPs. A movie showing rendered 3D images is shown in the supplementary
information movie M4.
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producing the hydrophilic graphene plate used in the present
study, this plate may become the first commercial product of
any type to use the unique advantages of graphene [52].

4. Experimental section

4.1. Preparation of graphene films on glass

Graphene grown on a Cu foil was purchased from MCK Tech
Co., Ltd. (Daejeon, Korea). A solution of poly(methyl
methacrylate) (PMMA C4, 4% by volume dissolved in
chlorobenzene) (Microchem, USA) was spin-coated onto the
top surface of a graphene/Cu foil at 500 rpm for 10 s and
2000 rpm for 30 s. Then, the PMMA/graphene/Cu foil was
baked at 80 °C for 5 min. The Cu foil under PMMA/gra-
phene was etched by using a CE-100 copper etchant solution
(Transene Inc., Danvers, MA, USA). After etching the Cu
foil, the PMMA/graphene layer was washed with deionized
water (DI-water) three times, for 1 h each time. Finally, the
PMMA film on the graphene/glass was dipped in an acetone
solution for 3 h and then washed with isopropyl alcohol (IPA)
three times to remove the PMMA film. Most graphene ima-
ging plates were made on glass slides unless otherwise noted.

4.2. Surface modification for producing hydrophilic graphene

To transfer PDMS oligomer onto graphene, a PDMS stamp
was fabricated using a Silicone Elastomer Kit (Sylgard 184,
Dow Corning, USA). Silicone elastomer base and curing
agent were mixed at a 10:1 (v/v) ratio and poured into a
square petri dish. The PDMS mixture was degassed and then
followed by curing at 70 °C for 4 h and releasing from the
petri dish. Fabrication of the PDMS stamp for oligomer
transfer was completed by cutting the released cured material
to fit the sample size for surface treatment. Then, the prepared
PDMS stamp was gently attached to the surface of graphene
on a glass substrate for 30 min. After removing the PDMS
stamp from the graphene surface, PDMS-oligomer-engi-
neered graphene on glass was placed in a plasma system
(200LF plasma processing system, Femto Science, KOREA)
and treated with oxygen plasma with 80 W power for a
duration of 10 s. Water contact angles were measured at
various PDMS stamping times, including 5 min, 10 min, and
30 min of stamping as well as longer, on a glass substrate and
graphene/glass (see figure S3) to find optimum conditions.
The PDMS oligomer layers on graphene were observed to be
very stable in ambient conditions, as shown in figure S15, but
after the plasma treatment, the water contact angle of
hydrophilic graphene gradually increased to ∼65° after three
days of being stored at room temperature (figure S16).

4.3. Characterizations

Chemical binding analyses of PDMS oligomer/graphene
were conducted by XPS (K-Alpha instrument, Thermo Sci-
entific, USA) with the incident beam produced by an Al x-ray
source (hν=1486.6 eV) and a pass energy of 50 eV. Sheet
resistance mappings of functionalized graphene were obtained

using a four-probe technique (CMT- SR1000N, Advanced
Instrument Technology, USA). Changes in the functional
groups of the PDMS oligomer layer were monitored using
FTIR spectroscopy (Bruker ALPHA-P, USA), and surface
topography information was obtained with atomic force
microscopy (AFM, Digital Instruments Dimension 3000,
Veeco Science, USA) in tapping mode. Raman spectrum
analysis was carried out with a Raman microscope (inViaTM,
Renishaw, UK). Raman mapping images were obtained from
196 spectra (a 30 μm × 30 μm area). The interval between
consecutive spectrum points was 1.5 μm horizontally and
vertically.

4.4. Sample preparation for BSE-SEM

Samples were prepared using the reduced osmium-TCH-
osmium (ROTO) staining method. Pre-fixation was per-
formed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer.
Fixed samples were washed with 0.1 M cacodylate buffer.
Post-fixation steps were then sequentially carried out and
involved incubations in reduced osmium (2% osmium tetr-
oxide and 1.5% potassium ferrocyanide) solution, 1% thio-
carbohydrazide solution, and 2% osmium tetroxide solution.
En bloc staining was performed sequentially using 1% uranyl
acetate aqueous solution and lead aspartate solution. After
washing, samples were dehydrated gradually (30%, 50%,
70%, 80%, 90%, and 100%) for resin embedding. Samples
were embedded in Spurr’s resin (60 °C for 24−48 h).

4.5. Sample preparation for CLEM

Samples sectioned using an ultramicrotome (MT XL micro-
tome, RMC Boeckeler, USA) were placed on plates. Pre-
treated biological specimens as in the Experimental section
2.4 were thinly sliced into sections each with a thickness of
50–100 nm using an ultramicrotome for SEM observations
and placed on plates. To transfer the sliced sections onto the
imaging plates, either a loop or substrate holder (ASH2, RMC
Boeckeler, USA) was used, though the loop method was the
preferred one. The serial sections were obtained using the
substrate holder (ASH2). Samples obtained using the above
procedure were observed using SEM (Teneo versus, FEI,
installed in KIST). SEM images were taken at a working
distance of about 4 mm, with 2 keV AV and 0.1 nA emission
current, in back-scattered electron (BSE) detector mode.

4.6. SEM observations

Resin-embedded biological samples were thinly sliced into
sections each with a thickness of 50–100 nm by using an
ultramicrotome (MT XL microtome, RMC Boeckeler, USA)
and placed on plates for SEM observations. To transfer the
sliced sections onto the imaging plates, either a loop or sub-
strate holder (ASH2, RMC Boeckeler, USA) was used. The
transferred sections were observed using SEM (Teneo versus,
FEI, USA). Tiles in a 2×2 arrangement, with each tile
having dimensions of 4096 pixels × 4096 pixels, were used at
a working distance of about 4 mm, with a 2 keV AV and 0.1
nA emission current, in a T1 detector with a 5 nm pixel size,
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and stitched using MAPS Array tomography software (FEI).
For 3D reconstruction, IMOD software was used [53]. For
applying the MED technique, SEM images of 20 serial
sections were taken with 1.177 keV, 1.783 keV, 2.273 keV,
2.7 keV, and 3.086 keV AV and a 0.1 nA emission current, in
a T1 detector using the MAPS versus mode.

4.7. CLEM observations

Resin-embedded CLEM sample was thinly sliced into
sections with a thickness of 50 nm by using an ultra-
microtome (MT XL microtome, RMC Boeckeler, USA) and
transferred onto the PPO imaging plates using a substrate
holder (ASH2, RMC Boeckeler, USA). The sections were
observed using a confocal microscope (LSM800, ZEISS,
Germany) and SEM (Teneo versus, FEI, USA).

4.8. Cross-sectional sample preparation for TEM imaging

Cross-sectional TEM specimens were prepared using
focused ion beam (FIB) milling for graphene and PDMS
oligomer/graphene samples as shown in Supplementary
materials figure S1. To prevent the surfaces of the samples
(graphene and the oligomer-treated graphene) from becom-
ing damaged, each of these samples was coated with a Pt film
was coated during the FIB process. Sequentially, samples
were milled with a Ga ion beam to make the section thick-
ness less than a few micrometers, and then specific sites of
the samples were lifted out to be attached to the TEM spe-
cimen grid. The fixed section was milled again with a Ga ion
beam to have a thin section less than 100 nm thick. Thin
sections obtained through the above procedure were
observed by TEM (Titan Cubed G2, FEI, USA), with 80 keV
accelerating voltages.
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