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Oxidative Doping Renders Graphene Hydrophilic, Facilitating Its Use
As a Support in Biological TEM
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Evaporated carbon supports have long been used in the
imaging of biological molecules by transmission electron

microscopy (TEM). However, amorphous carbon imposes a
strong background signal that attenuates or may completely
obstruct that of unstained molecules. Although the imaging of
molecules within freestanding areas of vitreous ice is generally
the most preferable method,1 specific techniques and difficult
samples often require the addition of a thin amorphous carbon
support. Crystalline supports offer an interesting alternative,2,3 as
they are essentially transparent down to the resolution of their
periodicity regardless of thickness. And even at resolutions
higher than the lattice constant of the supporting film, the
crystalline signal from the film can be computationally removed
from images.4 However, complicated and limited-scale prepara-
tion has so far prevented the use of thin crystalline supports in
biological TEM.

Graphene has renewed interest in crystallineTEMsupports,5�11

and the large-scale synthesis of continuous graphene by chemical
vapor deposition (CVD)12 has made graphene TEM supports
feasible. Graphene offers three key advantages: Pristine graphene
is essentially featureless and electron transparent down to a reso-
lution of 2.13 Å (well outside resolutions currently resolved by
most biological TEM investigations). Furthermore, at 0.34 nm
single-layer (single atom) thickness,13 background amplitude
(noise) attributed to inelastic and multiple electron scattering
within the support is minimized. Graphene also demonstrates
electrical conductivity several orders of magnitude greater than
that of amorphous carbon14�16 andmay therefore reduce sample
charging and drift.

Our earlier work demonstrated the preparation of vitrified
protein samples across graphene oxide supports.17 Despite

coarse attenuation by chemically introduced functional groups,
the enhanced transmission properties of graphene oxide ap-
proach those of pristine graphene and supports readily attach
biological molecules. However, random variations in thickness
and coverage by deposition of individual graphene oxide platelets
from solution were a fundamental drawback of the method,
which limited the feasibility of graphene oxide TEM supports.
Furthermore, graphene oxide behaves largely as an electrical
insulator.18 Continuous, single-layer pristine graphene produced
by chemical vapor deposition (CVD) addresses these limitations.
In subsequent work we described the transfer of continuous,
single-layer graphene supports and compared the transmission
properties of pristine graphene to graphene oxide and thin amor-
phous carbon in detail.19 Free from coarse oxidization, pristine
graphene demonstrated significantly higher transparency and is
electrically conductive. However, the hydrophobic properties of
pristine graphene prevent the direct adsorption of biological
molecules. Hence, the application of pristine graphene supports
in biological TEM has to date been limited.

Amorphous carbon supports are traditionally rendered hydro-
philic by exposure to ion plasma, by which incident ions disrupt
the surface allowing introduction of�OH and CdO groups (for
example). This method is not suitable for graphene, as incident
ions extensively damage individual graphene layers. In this
manuscript we present a method by which graphene supports
are rendered sufficiently hydrophilic for biological TEM, with
minimal structural damage or attenuation of properties.
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ABSTRACT:Graphene represents the first practical realization
of crystalline supports in biological transmission electron
microscopy (TEM) since their introduction over 30 years
ago. The high transparency, minimal inelastic cross-section,
and electrical conductivity of graphene are highly desirable
characteristics for a TEM support. However, without a suitable
method for rendering graphene supports, hydrophilic applica-
tions are limited. This work describes the in situ functionaliza-
tion of graphene with minimal structural degradation, rendering
TEM supports sufficiently hydrophilic for the mounting of
biological samples.
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An unrelated study reported the etching of single and multi-
layer graphene during high-temperature oxidative annealing.20At
fixed oxygen and argon gas flows, graphene samples were heated
to different temperatures over fixed 2 h periods.20 At tem-
peratures as low as 200�300 �C, Raman spectroscopy indicated
oxidative doping of the graphene, and atomic force microscopy
failed to discern any etching of single-layer graphene at 400 �C
and below.20 Hence, we here applied oxidative annealing to
graphene in order to prepare hydrophilic TEM support films.

Raman spectroscopy facilitates the comparison of graphene
structure according to the position and the intensity of char-
acteristic peaks. Figure 1 shows Raman spectra from single layer
CVD graphene before (blue) and after functionalization (red, 2 h
at 375 �C). Graphene is characterized by an absent or minimal D
peak at∼1340 cm�1 (indicating a negligible or small proportion
of structural defects), a G peak at ∼1584 cm�1 and a G0 peak
at∼2680 cm�1 (Figure 1, blue markers). After functionalization
by oxygen doping, the sample shows an up-shifted G mode
(red marker), as also previously reported.20 Specifically, the
∼20 cm�1 G peak shift and significant increase of IG/IG0 ratio
indicate partial oxidation by doping.

The negligible D peak intensity after functionalization
(Figure 1, red, ID/IG= ∼0.14) indicates minimal structural
damage and is comparable to occasional growth defects found
in single-layer CVD samples (Figure 1, blue).21 In contrast,
graphene oxide (Figure 1, black) demonstrates particularly high
defect ratios (ID/IG=∼1.01) and an almost absent G0 peak after
extensive structural damage by harsh chemical oxidization. Also
experimenting with additional preannealing at 400 �C in redu-
cing atmosphere (Ar/H2 mixture), we often observed a signi-
ficant widening of the D peak (data not shown) implying
the amorphous carbonization of residual polymers remaining
(despite washing in solvent) after polymer-assisted transfer of the
graphene. This background is not present after functionalization,

Figure 1. Comparison of the minimal structural changes induced by
functionalization: Raman spectra of CVD graphene before (blue) and
after functionalization (red) as well as graphene oxide (black) are com-
pared. Typical graphene structure is indicated by the positions of the D,
G, and G0 peaks at∼1340,∼1584, and∼2680 cm�1, respectively (blue
markers). Shifting of the G mode (red markers) by up to 20 cm�1 and
significant increase of IG/IG0 ratio indicate partial oxidation by doping.
The graphene structure is otherwise minimally changed, as emphasized
upon comparison to graphene oxide (note D intensities).

Figure 2. Comparison of SNR by examination of TMV layer lines:
TMV was imaged across freestanding areas of 2 nm thick amorphous
carbon (b) and single-layer graphene (a, c). Panel (a) shows a repre-
sentative area of the functionalized graphene (2 μm defocus), abound
with TMV despite several washes and relatively low sample concen-
tration (∼0.1 mg/mL). The transparency of either support can be
compared by the SNR’s of the third- and sixth-order layer lines in the
Fourier transform (panels a and b insets; lattice lines at ∼23.0 and
∼11.49 Å are indicated by yellow markers and the corresponding
SNR in red) and corresponding profile plots (error bars indicate 1 standard
deviation outside the mean intensity of each layer line calculated
across the data set). Yellow boxes in panels (b) and (c) denote a section
of TMV.
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most likely as the amorphous carbon deposits are converted
to CO and/or CO2 during oxidative annealing. Interestingly,
the functionalized graphene also remains conductive. Although
average sheet resistance across several oxygen-doped samples
(van der Pauw method) increased over 5-fold (from ∼0.86 to
∼4.7 kΩ/cm2) after functionalization, it is worth noting that
graphene oxide behaves largely as an insulator.18

Low-dose images of unstained tobacco mosaic virus (TMV)
vitrified across functionalized graphene demonstrate the suitabi-
lity of the new method in preparing protein samples (Figure 2).22

Note that despite several washes and relatively low sample con-
centration (∼0.1 mg/mL), TMV is present in abundance across
the functionalized graphene support (Figure 2a). The periodic
structure of TMV manifests itself as diffracted layer lines in the
Fourier transform (of which the third and sixth order are most
relevant as they relate to higher resolution structure), the signal-to-
noise ratios (SNR) of which have been used in a further practical
demonstration of the graphene support’s high transparency.

For comparison, ∼260 micrographs of frozen hydrated TMV
on 2 nm thick amorphous carbon films were recorded. One such
image demonstrating the highest SNR at the sixth-order layer
line is reproduced in Figure 2b. The average Fourier transform
(Figure 2b, top inset) features the third- and sixth-order layer
lines (at ∼23.0 and ∼11.49 Å�1, respectively) with respective
SNR’s of 0.7 and 0.6. The accompanying profile plot (Figure 2b,
bottom inset) shows the relative intensity of each layer line (error
bars indicate 1 standard deviation outside the mean intensity
calculated across all Fourier transforms, demonstrating informa-
tion up to the sixth-order layer line). The average SNR of the
third- and sixth-order layer lines across the TMV/carbon data
were 0.9 and 0.53, respectively.

We then recorded a set of ∼270 micrographs of frozen
hydrated TMVmounted on treated graphene. One such image
is shown in Figure 2c. The calculated Fourier transform
(Figure 2c, top inset) demonstrates third- and sixth-order layer
lines with significantly higher SNR’s (both at 1.7). The
significant reduction in background is clearly seen in the
accompanying profile plot. On average, the calculated SNR’s
of either layer line were much higher at 1.48 and 1.02 (third
and sixth, respectively).

The large-scale preparation of graphene by CVD has
facilitated a practical realization of crystalline TEM supports,
first proposed over 30 years ago with cleaved graphite and
vermiculite supports.2,3 To our knowledge this is the first
demonstration of a suitable method for rendering graphene
supports hydrophilic (with minimal attenuation of the inher-
ent imaging properties), enabling the mounting of biological
molecules. The transparency, minimal scattering cross-sec-
tion, and electrical conductivity of monolayer graphene make
it the ideal support for TEM. It is anticipated that this method
will facilitate the wide use of graphene supports in biological
TEM and accommodate high-resolution studies. The im-
proved signal-to-noise ratios offered by graphene will improve
the imaging of low-mass, unstained proteins, and other methods
requiring additional carbon support (e.g., electron crystal-
lography, time-resolved cryo-EM, difficult low-concentration
samples, and other emerging techniques).23,24,10,25,6 The
increased conductivity of graphene supports may also improve
imaging stability. This method is also relevant outside TEM
and may contribute to other applications seeking to attach
biological material to graphene, such as the development of
organic sensors and devices.

’EXPERIMENTAL SECTION

Physical Characterization of the Graphene. Copper foils
covered on both sides with CVD graphene21,26,27were pre-etched
for 90s with 5% w/v nitric acid to remove one of the graphene
layers before spin coating the remaining layer (40s at 4000 rpm)
with poly(methyl methacrylate) (PMMA, 20 mg/mL concentra-
tion in 99.9% chlorobenzene). The PMMA/graphene backed Cu
foils were floated across 0.3 M of ammonium persulfate solution
and etched overnight. After several washes with distilled water,
the ∼1 cm2 PMMA backed graphene samples were transferred
onto SiO2 (285 nm thick) /Si substrates and dried in a vacuum
desiccator overnight.28

Raman spectra (WITec alpha300, 532 nm laser, 100�
objective) were collected before and after annealing/oxidization,
as were sheet resistances (4-probe van der Pauw method). The
graphene/SiO2 samples were oxidized in a 25 mm quartz glass
tube furnace for 2 h at given temperatures between 200 and
375 �C (to assess any damage from possible etching) under
combined O2/Ar gas flows of ∼0.20 and ∼0.18 L/min, respec-
tively. Some samples were also preannealed at 400 �C for 1 h
under constant H2/Ar flow (reducing atmosphere, ∼0.20 and
∼0.18 L/min, respectively), although this was later deemed
unnecessary after comparing Raman spectra. We further experi-
mented with higher O2 gas ratios but failed to observe any
changes to the degree of functionalization.
TEM Sample Preparation. Monolayer graphene alone will

not span bare TEM grids and requires an additional scaffold.
CVD graphene21,26,27 was transferred to 1.2/1.3 μm Quantifoil
TEM grids (Quantifoil Micro Tools GmbH, Jena, Germany),
according to our previous method,19 and spans the periodic holes
of the amorphous carbon film (the thick amorphous carbon is
also used for focusing). Since our previous work, we have found
that etching with 0.3 M of ammonium persulfate solution
produces significantly cleaner graphene samples.29

Using a purpose built furnace, transferred graphene TEM sup-
ports were heated to 300 �C in ∼0.15 L/min of O2/Ar (33/66%
mixture) gas flow for 2 h before cooling to room temperature (also
under gas flow). During this time, the temperature was slowly
ramped (and limited to 300 �C) to prevent/minimize any tearing of
the carbon Quantifoil support by the slightly different expansion
coefficients of the Au TEM grid and amorphous carbon scaffold.
Vitrified samples were prepared with TMV diluted in buffer

(1 mM of EDTA, pH of 7.7) to a final concentration of
∼0.1 mg/mL. With no further preparation of the functionalized
graphene, 5 μL of sample was applied and left to incubate for
∼2 min before washing the grid 2�3 times by buffer exchange
with phosphate-buffered saline. Washing was used as a control to
ensure that the sample had in fact attached to the graphene in
sufficient concentration. Using an FEI Vitrobot Mark IV, grids
were blotted for 2 s at 10 �C and 100% humidity before plunging
into liquid ethane. TMV was also prepared across 2 nm thick
amorphous carbon film according to the same parameters. Such
2 nm amorphous carbon supports are commercially available
spanning 1.2/1.3 μm Quantifoil for additional physical stability
(Quantifoil Micro Tools GmbH, Jena, Germany).
Imaging. Unstained, vitrified TMV (Figure 2) was imaged at

low dose (<30 e/Å2) across freestanding areas of 2 nm of amor-
phous carbon and functionalized graphene using an FEI Titan
KRIOS operated at 300 keV. Data were recorded to a CCD
camera (Gatan Ultrascan 4000, 15 μm physical pixel size) at
59 000�magnification (1.47 Å pixel size) and 0.5s exposure time.
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In a practical demonstration of the support’s transparency, we
compared the signal-to-noise ratios (SNR) of layer lines diffracted
by the periodic structure of TMV. A total of ∼530 micrographs
(∼260 amorphous carbon and ∼270 graphene) were acquired
using EPU automated single particle acquisition software (FEI
Company, Netherlands) over a range of fixed defoci (1.1�
1.4 μm). The theoretical zero-crossings of the CTF at each
defocus were calculated and checked so as not to coincide with
the third- and sixth-order layer lines of TMV at ∼23.0 and ∼11.49
Å, respectively. All micrographs were normalized, and average
Fourier transforms (Figure 2, insets) were calculated from 5 par-
tially overlapping, 512 � 512 pixel boxes sampled along indivi-
dual TMV fibres.
Taking ice thickness into consideration, we sought to image

areas with the thinnest possible ice (particularly in the case of the
thicker amorphous carbon support). Grid squares with similar
ice thickness between each sample were selected (according to
the blotting gradients apparent across each grid at lowmagnifica-
tion) from which the automated acquisition software acquired
targets according to ice thickness.
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