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Graphene oxide is a hydrophilic derivative of graphene to which biological macromolecules readily
attach, with properties superior to those of amorphous carbon films commonly used in electron micros-
copy. The single-layered crystalline lattice of carbon is highly electron transparent, and exhibits conduc-
tivity higher than amorphous carbon. Hence, graphene oxide is a particularly promising substrate for the
examination of biological materials by electron microscopy. In this manuscript we compare graphene
oxide films to commonly used amorphous carbon films, describing the use of graphene in optimizing
the preparation of unstained, vitrified biological macromolecules.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Films made of evaporated carbon are routinely used as sub-
strates for the mounting and subsequent imaging of biological
samples by electron microscopy. When imaged at higher magnifi-
cations such amorphous carbon substrates display a granular tex-
ture, attenuating and even obscuring the signal of unstained
particles. Hence, to circumvent this limitation frozen-hydrated
samples are often imaged within unsupported regions of vitreous
ice prepared across perforated carbon films. However, a problem
sometimes encountered with such preparations is the tendency
of biological macromolecules to adsorb strongly to the surrounding
carbon leading to a depletion of particles within the spanning vit-
reous ice. This in particular, is an issue with preparations that re-
quire washing to remove unwanted low molecular weight
constituents, as most of the sample is also subsequently removed.

Graphene is a single-layer crystalline lattice of sp2 bound car-
bon atoms (Geim and Novoselov, 2007) possessing several advan-
tages over amorphous carbon. The ideal (i.e. uncontaminated and
defect free) graphene structure is expected to be essentially fea-
tureless down to a resolution of 2.13 Å. If sampled at higher reso-
lution, the regular crystallinity of graphene gives rise to a periodic
signal that can be subtracted if necessary (Meyer et al., 2008). The
single-layer thickness (0.34 nm, Eda et al., 2008) of graphene also
minimizes electron scattering within the substrate and hence any
background noise. The conductivity of pristine graphene, con-
ll rights reserved.
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verted to bulk units assuming a thickness of 3.4 Å, is more than
six orders of magnitude higher than the conductivity of amorphous
carbon (Chen et al., 2008; Robertson, 1986; Ziegler, 2006). There-
fore, graphene may reduce charging effects and improve the imag-
ing stability of insulating materials like amorphous ice. Graphene
reacts to deformation elastically (Lee et al., 2008; Zakharchenko
et al., 2009) and has a high mechanical strength (Wang et al.,
2009), allowing it to withstand sonication as well as other harsh
(chemical) treatments (Reina et al., 2009).

Although hydrophobic, graphene can be functionalized using
chemical processes (Wang et al., 2009; Schniepp et al., 2006),
thereby producing hydrophilic substrates to which molecules
readily attach. Graphene oxide is one such derivative produced
by the exfoliation of graphite oxide, a heavily oxygenated and
hydrophilic form of graphite (Paredes et al., 2008; Wei et al.,
2008). Fig. 1 shows an area of 1–2 layer thin graphene oxide sub-
strate. Although oxidization attenuates the material properties of
pristine graphene (see Section 4), substrates are stable and demon-
strate significantly reduced background contrast. Clearly defined
hexagonal diffraction patterns (Fig. 1, insets A and B) occurring
at the material periodicities (2.13 and 1.23 Å, respectively, Meyer
et al., 2007) correspond to disordered stacking of individual graph-
ene oxide layers.

When preparing difficult and fragile samples, sometimes also
requiring multiple washes prior to vitrification, the use of addi-
tional amorphous carbon substrate is routine. In this manuscript
we compare graphene oxide to amorphous carbon and describe
its use as a supporting substrate for unstained, frozen-hydrated
samples.
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Fig. 1. Graphene oxide substrate: An area of 1 lm CFLAT spanned by single (A) and
double (B) layers of graphene oxide (magnification 9400�, defocus �2 lm, pixel
size 7.4 Å). Corresponding diffraction patterns (panels A and B, respectively, D
300 mm) show the periodicities of the material at 2.13 and 1.23 Å. Multiple,
superimposed hexagonal patterns correspond to the unordered stacking of multiple
layers. Note the minimal contrast of the few-layer region in comparison to vacuum
as can be seen from a tear in the graphene oxide substrate (arrow).
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2. Methods

2.1. Graphene oxide

Graphite oxide is produced according to the Hummers method
(Hummers and Offeman, 1958) in which graphite mixed with con-
centrated sulfuric acid is exposed to strong oxidizing agents such
as sodium nitrate, potassium permanganate and hydrogen perox-
ide during a controlled reaction. In this experiment highly ordered
pyrolytic graphite (HOPG) with a 150 lm grain size (Sigma, Mu-
nich, Germany) was used. However, we have also successfully oxi-
dized natural graphite with grain sizes of 500–1800 lm (NGS
Naturgraphit GmbH, Leinburg, Germany), finding that the large
flakes tend to produce larger graphene sheets.

Graphite oxide solution at �1.5 mg/ml concentration was pre-
pared by adding the oxidized graphite to X-filtered water with a
pH of 7 (at pH 6.75–8.5 graphene readily attaches to substrates
(Wei et al., 2008). The graphite oxide solution was then exfoliated
into graphene oxide by sonication at 35 kHz for 30–60 min using a
standard bath sonicator operated at room temperature. Following
exfoliation of the graphene oxide, the suspension was left standing
overnight allowing heavy particulates including thicker graphene/
graphite platelets to sediment (Paredes et al., 2008). We find this
often sufficient with lower graphene concentrations, although brief
low speed centrifugation (�980 to 6000g) is sometimes also useful.

When preparing graphene oxide from coarser natural graphite
flakes (500–1800 lm), the largely intact graphite pieces lead to
inhomogeneous concentrations of graphite oxide in solution and
consequently diminished exfoliation. Hence, an additional ‘pre-
exfoliation’ of the coarser graphite oxide using a probe sonicator
is required to ensure sufficiently homogenous concentration prior
to final exfoliation of the graphene. Using 1800 lm graphite flakes,
we have found that probe sonication (Branson Sonifier 250, Dan-
bury, USA, operated with a tip intensity of 5 and 100% duty cycle)
for �5 min ensures sufficient homogeneity by dispersing the large
flakes in solution.

Exfoliation is a largely uncontrolled process and therefore final
concentrations are somewhat variable. Graphene oxide solution
has an absorption peak at �230 nm, and so UV–vis absorption
spectra can be used to survey concentration (Paredes et al.,
2008). Suitable graphene oxide coatings were obtained using exfo-
liated preparations with an optical density/absorption of �2 at
230 nm (10 mm path length). Very high concentrations lead to
the accumulation of folded layers and thicker coatings over the
grid, in which case it is best to lower concentration by centrifuga-
tion (as previously mentioned). The exfoliated graphene oxide
sheets self-adhere over time (Wei et al., 2008) and as we have
found, consequently crumple and conglomerate. Therefore, the
exfoliated graphene oxide solutions have a limited shelf life (�2–
3 weeks) within which optimal results for this application can be
expected.
2.2. Coating preparation

Grids are prepared as needed to minimize adhesion of amor-
phous contaminants to the strongly hydrophilic surface of the
graphene oxide. Quantifoil (Quantifoil Micro Tools GmbH, Jena,
Germany, 1.2/1.3 lm) and CFLAT (Protochips Inc., Raleigh, USA,
1/1 lm) EM grids were plasma cleaned with H2 and O2 (at gas
flows of 6.4 sccm and 27.5 sccm, respectively) using a Gatan Sola-
rus model 950, plasma cleaner for 10 s (Gatan Inc., Pleasanton,
USA). A �1 lm hole size is suitable as it ensures sufficient stability
and coverage by the graphene oxide substrate. A 4 ll drop of exfo-
liated graphene oxide solution was applied to the glow discharged
side and left to settle for �1 min during which electrostatic inter-
action guides graphene sheets to the perforated carbon substrate
(Wei et al., 2008) where they are strongly held in place by van
der Waals forces (Reina et al., 2009; Meyer et al., 2008). By careful
blotting most of the solution is removed before drying at room
temperature under constant flow of nitrogen gas in order to mini-
mize contamination.

Prior to use, the graphene oxide substrate may be partially re-
duced by baking for �3 to 5 min (up to 300 �C in air, placing grids
graphene side up on a standard heating plate), subsequently
removing amorphous material from the crystalline substrate and
optimizing the attenuated graphene properties. At 100 �C the sub-
strate undergoes �15% mass loss as adsorbed water is removed
(Paredes et al., 2008). The highest loss of �30% occurs at 200 �C
as labile oxygen groups are removed, and up to a further 20% in ex-
cess of 300 �C as more stable functional groups are slowly and
gradually removed (Paredes et al., 2008; Zhang et al., 2009).
2.3. Vitrified samples

Vitrified samples were prepared with a 26S proteasome sample
from Drosophila melanogaster, as described previously (Nickell
et al., 2007). From a nominal concentration of �0.2 mg/ml, the
26S sample was further diluted with buffer (50 mM Tris/HCl, pH
7.5, 5 mM MgCl2, 1 mM DTT, 2 mM ATP) to a final concentration
of �0.1 mg/ml (approximately half of that we have used when pre-
paring conventional vitrified samples in the absence of additional
substrate). With no glow discharging, 4 ll of sample was applied
to graphene oxide coated Quantifoil grids and left to incubate for
�2 min before washing thrice (with the aforementioned dilution
buffer to avoid depletion of ATP). Using an FEI Vitrobot Mark IV,
grids were blotted for 3 s at 10 �C and 100% humidity before plung-
ing them into liquid ethane.

The 20S proteasome from Thermoplasma acidophilum was pre-
pared according to the previously published protocol (Zwickl
et al., 1992). The initial sample concentration of 3 mg/ml was di-
luted to a final concentration of �0.125 mg/ml, and a 3 ll drop ap-
plied to a freshly coated Quantifoil (no glow discharge). The sample
was left to incubate for �1 min before washing twice with water.
Using the Vitrobot, excess buffer was blotted exhaustively leaving
only strongly bound water (7 s, 10 �C and 100% humidity), then
plunged into liquid ethane to prevent complete dehydration.
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2.4. Imaging

A comparison of power spectra from graphene oxide and amor-
phous carbon (Fig. 2) was carried out using an FEI Titan 80–300
low base TEM equipped with image spherical aberration corrector
(spherical aberration Cs = 0, ±2 lm) operated at 80 keV. Thin amor-
phous carbon and graphene oxide samples were imaged at
145,000� magnification (unbinned pixel size 0.87 Å) and
�200 nm defocus to CCD (1 s exposure time, Gatan US1000,
1024 � 1024 pixel, 24 lm physical pixel size). Diffraction patterns
were collected with a 10 lm SA aperture, 245 mm camera length
and 1 s exposure time.

Vitreous and unstained samples (Figs. 3 and 4) were imaged at
liquid nitrogen temperature with an FEI Titan KRIOS high-base sys-
tem (equipped with Autoloader) operated at 300 keV. Data were
recorded with a TVIPS 8192 � 8192 pixel (15.8 lm physical pixel
size; TVIPS GmbH, Gauting, Germany) CCD/CMOS camera at 0.5 s
exposure time. Overview images of vitrified 26S and 20S protea-
somes were taken at a calculated magnification of 88,500� and
2� binning yielding a final pixel size of 3.5 Å.
Fig. 3. Atomic image of graphene oxide: An area of graphene oxide (380 k�
magnification, 0.26 Å pixel size, 9 nm defocus, imaged from the same grid used in
Fig. 2) showing the largely crystalline proportion of the substrate (A, note hexagonal
pitch of carbon atoms as indicated) interspersed with clustered functional groups
(B) contributed by the materials oxidization. This functionalization yields limited
scattering but also contributes the substrates hydrophilic properties suited to
attaching biological molecules.
3. Results

3.1. Background signal comparison

Fig. 2 compares calculated power spectra from separate single-
layer (see inset) graphene oxide (Fig. 2, green, �300 �C baked) and
thin amorphous carbon (Fig. 2, black, �3–4 nm thick) samples, im-
aged at 145 k�magnification and �200 nm defocus. According to a
widely accepted model (Lerf et al., 1998), graphene oxide consists
of defect-free crystalline areas (Fig. 3A) interspersed with clustered
oxidized regions (Fig. 3B) to which the sample molecules attach.
These functional groups form irregularities on a nanometer scale
that contribute to the limited scattering of the substrate.
Fig. 2. Comparison of amorphous carbon and graphene background signal: The
power spectra of separately prepared graphene oxide (green) and thin amorphous
carbon (black, �3 to 4 nm thick) regions (magnification 145 k�, 0.87 Å pixel size,
�200 nm defocus) are compared. Images have been normalized according to their
mean pixel value prior to calculation. The inset shows diffraction (D 245 mm) of the
graphene oxide substrate, a singular hexagonal pattern indicating an individual
layer. Minimized scattering is contributed by attached functional groups. However,
graphene oxide demonstrates clear benefit in terms of reduced substrate signal and
significantly reduced background (seen by the shift in baseline, note log scaling)
close to that of the CCD camera alone (red).
Comparing graphene oxide to thin amorphous carbon, there is a
difference in both background signal (baseline) and modulation
amplitude of �40% (note log scaling), as well as rapid tapering of
the modulation envelope up to 0.35 Å�1 (as opposed 0.42 Å�1).
The modulation (Thon rings) corresponds to oscillations of the
phase contrast transfer function (pctf), therefore indicating the dif-
ferences in the elastic, phase contrast contributions of the different
support films. Importantly, there is also a significant background
signal from the amorphous carbon film that is not modulated by
the pctf, and likely attributed to amplitude contrast from multiple
and inelastic scattering by the substrate. The minimized scattering
cross-section of the much thinner, non-amorphous graphene oxide
substrate yields significantly reduced background signal, and is
particularly impressive compared to the background signal (noise)
contributed by the CCD alone (Fig. 2, red, obtained by illuminating
the CCD under the same conditions with no sample). A small peak
in the power spectrum of the graphene oxide (as marked at 2.13 Å)
corresponds to the first periodicity of the material (seen in the dif-
fraction pattern, inset) that is beyond the resolutions typically
reached in biological applications (TEM).
3.2. Vitrified samples

For test purposes we have used two well-characterized biomo-
lecular samples, namely 26S and 20S proteasomes. The 26S protea-
some is a particularly fragile macromolecular complex of 2.5 MDa
that is notoriously difficult to maintain fully intact during sample
preparation (Nickell et al., 2009). Its purification involves sucrose
density gradient centrifugation; since the presence of sucrose
tends to degrade the quality of the ice, repeated washing is neces-
sary to remove most of the sucrose. As a consequence of washing,
the thin aqueous film spanning the holes becomes depleted of par-
ticles while these tend to accumulate on the surrounding carbon
film. Obviously the sparsity of particles in the hole-spanning re-



Fig. 4. Vitrified 26S proteasome prepared on graphene oxide: The 26S proteasome
vitrified with a graphene oxide substrate to improve distribution (88,500�
magnification, pixel size 3.5 Å). In order to ensure clarity in print, the image has
been taken far from focus (�6.5 lm) and grayscale equalized. At a nominal
concentration of �0.1 mg/ml (half of that typically used) and three washes by
complete buffer exchange, there are still abundant concentrations in ice. Arrows A
and B indicate a long crinkle and thicker overlapping layer on the substrate,
respectively. Otherwise, there is minimal attenuation of contrast by the graphene
oxide substrate. The inset features individual projections at high magnification
indicating the native state of individual 26S molecules (here the main scale bar
corresponds to 33 nm).

Fig. 5. Unstained 20S proteasome on graphene oxide: Fig. 4 shows unstained 20S
proteasome on thin graphene oxide substrate (88,500� magnification, pixel size
3.5 Å). The image has been taken far from focus (�6.3 lm) and grayscale equalized
to ensure clarity in print. The minimal contrast of the graphene oxide substrate
makes it superior to standard amorphous carbon in the imaging of unstained
molecules under low-dose conditions (an arrow indicates a small crinkle in the
graphene oxide substrate).
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gions imaged makes data collection inefficient. The presence of an
additional thin graphene oxide substrate across the holes retains
the particles through multiple exchanges of aqueous medium,
ensuring satisfactory particle distribution (Fig. 4). In fact, the initial
protein concentration (�0.1 mg/ml nominal) from the experiment
documented in this figure was half that normally used with frozen-
hydrated samples of 26S proteasome (�0.2 mg/ml) and yet con-
centration was high across the grid. The additional thin graphene
oxide substrate withstands plunging forces and any attenuation
of contrast is minimal; only defects such as folds, creases
(Fig. 4A) or overlaps (Fig. 4B) indicate that there is an additional
substrate.

The presence of a graphene oxide substrate facilitates more
extensive blotting of the aqueous film than would be possible
without a solid substrate, resulting in thinner ice films. In the case
of the 20S proteasome preparation we have deliberately blotted to
the extent that probably only strongly bound water remains. It is
obviously essential that controlled ambient conditions be main-
tained such that molecules retain hydration in order to preserve
high-resolution structure. The micrograph shown in Fig. 5 taken
under low-dose conditions (�20 e/Å2) shows the 20S proteasomes
with remarkable clarity and contrast.
4. Discussion

The advantages of very thin crystalline sheets prepared of mate-
rials such as graphite or layered silicates for the electron micros-
copy of small single particles has been recognized long ago
(Hahn and Baumeister, 1974; Dobelle and Beer, 1968). They are
highly transparent and essentially featureless at resolutions below
the intrinsic material periodicity, and if necessary the periodic sig-
nal can be subtracted (Meyer et al., 2008). Nevertheless, practical
applications as specimen supports have been very few. Exfoliation
and deposition methods are complicated and difficult to perform in
a controlled manner and the inert surface properties of graphite
(i.e. hydrophobicity) for example, initially proved problematic in
depositing biological materials. Moreover, with the pervasive use
of image averaging techniques the signal-to-noise ratio of the pri-
mary images had become less important.

Recently, developments in the fabrication of graphene have re-
newed interest in such specimen supports for electron microscopy
(Wilson et al., 2009). The 0.34 nm thin graphene sheets are highly
transparent and stable under an electron beam at relatively high
doses (105 e�/Å2 at 300 keV) well outside those applied to biolog-
ical samples. In addition to these properties, the remarkable elec-
tronic and mechanical properties of graphene make it a
promising imaging substrate for electron microscopy (Chen et al.,
2008; Ziegler, 2006; Zakharchenko et al., 2009; Wang et al.,
2009). Untreated ‘pristine’ graphene is inert and so biological mac-
romolecules do not readily adhere when applied from solution.
Nevertheless, we could envisage some interesting applications of
the ‘ultimate preparative substrate’ when molecules are deposited
from the gas phase, for example in mass spectrometry (Benesch
et al., 2009). Relatively small, unstained molecules will also clearly
gain in contrast and SNR given the minimal background signal of
graphene.

Graphene oxide is a ‘functionalized’ derivative of graphene to
which biological samples readily attach. Due to the presence of
covalently bound functional groups, graphene oxide is on average
slightly thicker than pristine graphene (�1 nm Wang et al., 2009;
Stankovich et al., 2006) and does demonstrate, however minimal
scattering and background. The oxidization of the material also
attenuates the conductivity of graphene, where oxidized regions
act locally as an insulator (Gomez-Navarro et al., 2007). However,
after partial reduction by baking at �200 �C, the removal of water
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and labile oxygen groups partially restores conductivity to a degree
significantly higher than that of amorphous carbon, also at liquid
nitrogen temperatures (Jung et al., 2008; Dawson and Adkins,
1995; Robertson, 1986). As functionalization introduces minor de-
fects to the crystalline structure from which graphene derives its
mechanical properties, a reduction in mechanical strength and
elasticity is to be expected. However, substrates are stable and
withstand strong plunging forces (note also the use of sonication
to exfoliate sheets). Regardless, the significant reduction in back-
ground signal over amorphous carbon alone (Fig. 2) is highly desir-
able and should clearly improve the contrast of small molecules
bound to substrate. The simplicity by which thin graphene oxide
substrates covering anywhere upwards of 70–80% of the grid also
ensures this method is highly accessible.

We have explored the use of graphene oxide as a substrate for
the imaging of frozen-hydrated biomolecular samples. Substrates
demonstrate the retained binding of the 26S proteasome (Fig. 4)
such that even after repeated exchanges of buffer solution, particle
density is highly satisfactory. Moreover, the attachment of parti-
cles to the graphene oxide substrate appears to stabilize this fragile
complex such that the majority of particles remain intact. Hence,
graphene oxide performs the same function as additional amor-
phous carbon substrate, however, with the benefit of significantly
reduced background.

A variant of the method explored here with the 20S proteasome
is to perform exhaustive blotting, removing as much buffer as pos-
sible prior to plunge freezing (Fig. 5). This would not be possible if
a self-supporting vitreous ice film was to be formed. We assume
that under the conditions of this experiment (performed in a con-
trolled humidity) only bound water retained by the molecules re-
mains rather than a continuous vitreous ice film. This is important
in maintaining structural integrity of the sample and by carefully
regulating the removal of excess water the contrast of individual
molecules should be further optimized.
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