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1. Introduction

Single particle cryoEM emerged as a 
powerful tool for reconstructing protein 
structures in structural biology, and even 
more so after significant technical break-
throughs.[1,2] The development of direct 
electron detectors and improvements in 
data analysis nowadays allow for recon-
struction of protein structures with near-
atomic and in certain cases even with 
atomic resolution.[3] While the technical 
setup of electron microscopes has been 
steadily refined over decades, development 
of cryogenic sample preparation lagged 
behind.[4,5,6,7] Usually, metal grids covered 
with an amorphous holey carbon film are 
used for preparation of vitrified biological 
samples. In general, the protein solution 
is applied to the grid and excess solution 
is removed by mechanical blotting before 
the grid is plunged into liquid ethane, 

which ideally traps the particles in random orientation and with 
even distribution inside the vitreous ice-film.[8] However, pro-
teins have been shown to often adsorb at the air–water inter-
face which provokes preferential orientation, uneven particle 
distribution inside the ice-film or structural changes of the pro-
teins, at worst resulting in protein denaturation.[9,10] In single 
particle cryoEM, the 3D reconstruction of an object relies on 
backprojection of numerous 2D projections of the same par-
ticle in different orientations.[11] Consequently, a successful 3D 
reconstruction strongly depends on the prevention of preferred 
particle orientation during vitrification.[12] To this end, various 
support film-based strategies for non-covalent protein adsorp-
tion have been developed in the past, including nanobodies,[13] 
DNA scaffolds,[14] lipid monolayers,[15] or streptavidin crystals.[16] 
Since such approaches lower the overall contrast of biological 
samples due to the introduction of additional biomass, gra-
phene-based monolayer support films have emerged as favored 
sample support in single particle cryoEM as they are intrinsi-
cally transparent, excellent electrically conductive and possess 
high mechanical strength.[17,18,19,20,21] Although graphene-based 
support films have proven as valuable approach to overcome 
adsorption of particles at the air–water interface, binding of 
the sample is uncontrolled.[22] Consequently, graphene-based 

Protein adsorption at the air–water interface is a serious problem in cryo-
genic electron microscopy (cryoEM) as it restricts particle orientations in the 
vitrified ice-film and promotes protein denaturation. To address this issue, 
the preparation of a graphene-based modified support film for coverage of 
conventional holey carbon transmission electron microscopy (TEM) grids 
is presented. The chemical modification of graphene sheets enables the 
universal covalent anchoring of unmodified proteins via inherent surface-
exposed lysine or cysteine residues in a one-step reaction. Langmuir–Blodgett 
(LB) trough approach is applied for deposition of functionalized graphene 
sheets onto commercially available holey carbon TEM grids. The application 
of the modified TEM grids in single particle analysis (SPA) shows high protein 
binding to the surface of the graphene-based support film. Suitability for high 
resolution structure determination is confirmed by SPA of apoferritin. Preven-
tion of protein denaturation at the air–water interface and improvement of 
particle orientations is shown using human 20S proteasome, demonstrating 
the potential of the support film for structural biology.
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support films have been further modified with so-called affinity 
tags, that enable the selective non-covalent anchoring of bio-
molecules on the grid.[23] Nitrilotriacetic acid functionalized 
graphene films loaded with Ni2+ ions have been successfully 
reported for selective targeting and anchoring of Histidine-
tagged (His) proteins.[24,25] However, this approach is limited to 
His-tagged proteins only and since the tag is usually introduced 
at one of the ends of the polypeptide chain, preferential pro-
tein orientation cannot be excluded. Recently, more sophisti-
cated strategies for covalent anchoring of proteins have been 
reported, including Spy-catcher tags.[26]

Here, we present a simple sample support film for cryoEM, 
based on thermally reduced graphene oxide (TRGO) sheets that 
are covalently functionalized with dichloro-triazine moieties 
(TRGO-Trz). The functional moieties enable the covalent conju-
gation of target proteins in a non-specific way via nucleophilic 
aromatic substitution of one of the chlorine atoms by surface 
exposed lysine or cysteine residues. In the first step, high 
quality TRGO sheets with a uniform size distribution, obtained 
through bulk synthesis, reported by Müllhaupt et  al.,[27] were 
covalently functionalized by nitrene-[2+1]-cycloaddition using 
2-azido-4,6-dichloro-1,3,5-triazine yielding dichloro-triazine-
functionalized sheets. After functionalization, the graphene 
sheets are deposited in a controlled way onto commercially 
available holey carbon TEM grids using LB trough tech-
nique,[28] resulting in sample support film covered holey carbon 
TEM grids for high-resolution cryoEM (Scheme  1). We care-
fully characterized the TRGO-Trz-based support film modi-
fied TEM grids and demonstrated its potential application for 

SPA using apoferritin and human 20S proteasome as model  
proteins.

2. Results and Discussion

Pristine TRGO sheets were functionalized according to the 
previously established nitrene [2+1]-cycloaddition protocol.[29,30] 
Briefly, TRGO-Trz sheets were obtained in an one-pot-reaction. 
Here, TRGO sheets dispersed in N-Methyl-2-pyrrolidone 
(NMP) reacted with 2-azido,4,6-dichloro-1,3,5-triazine, which 
was prepared by reaction between sodium azide (NaN3) and 
2,4,6-trichloro-1,3,5-triazine (TCT) in NMP at 0 °C. All synthesis 
steps were monitored by x-ray photoelectron spectroscopy 
(XPS) and near-edge x-ray adsorption fine structure spectros-
copy (NEXAFS). To verify the protein binding capability of 
the functionalized graphene sheets, HEPES-buffered apofer-
ritin solution (Sigma A3660) was mixed with TRGO-Trz sheets 
and incubated for 3  min at 30  °C and carefully washed after-
ward. For pristine TRGO, XP survey spectrum only contains 
peaks at 530 and 285  eV, which can be assigned to O1s and 
C1s, respectively (Figure 1G). Moreover, the survey spectrum 
for TRGO-Trz contains an additional peak at 400 eV, referring 
to nitrogen N1s arising from the successful introduction of 
dichloro-triazine moieties to TRGO. After protein conjugation, 
the survey spectrum of TRGO-Trz-apoferritin contains three 
main peaks at 530  eV (O1s), 400  eV (N1s), and 285  eV (C1s). 
From the highly resolved carbon 1s XP spectrum, the dominant 
chemical component for TRGO at 284.8 eV could be assigned 

Scheme 1. Schematic representation of sample support film preparation: graphene sheets are functionalized by nitrene [2+1]-cycloaddition and depos-
ited onto standard holey carbon TEM grids by LB trough. Support film covered TEM grids are applied in cryoEM showing high protein binding. i) NaN3, 
TCT, NMP, 70 °C, 12 h; ii) LB trough, MeOH: H2O 1:11; iii) buffered protein solution, 30 °C, 3 min; iv) blotting and vitrification.
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to sp2-hybridized carbon species and only a low number of 
oxygen-containing defects contributed to small peaks at higher 
binding energies between 285 and 287 eV (Figure 1A).

After conjugation of apoferritin, the major chemical com-
ponents for TRGO-Trz-apoferritin were found in a binding 
energy regime between 286 and 289 eV (Figure 1C). The chem-
ical component at 285.6  eV could be assigned to CN and 
CO-containing chemical species, while peaks at 287.1 and at 
288.8 eV could be assigned to CO and NCO-containing 
chemical species, respectively. Especially the peaks at 287.1  eV 
(CO) and 288.8  eV (NCO) are typical for chemical 
species comprised of peptides and proteins, indicating the 
successful conjugation of apoferritin to TRGO-Trz. For the 
highly resolved N1s XP spectrum of TRGO, no signal is found 
(Figure 1D), while highly resolved N1s spectrum of TRGO-Trz 
is composed of two peaks at 399.6 and 400.7  eV, referring to 
aziridine nitrogen and aromatic nitrogen chemical states of 

the triazine core, respectively[30] (Figure  1E). For TRGO-Trz-
apoferritin, the main component of the highly resolved N1s 
spectrum was found at 400.5  eV corresponding to nitrogen 
atoms in the peptide bonds (Figure 1F and Table S1, Supporting 
Information). The C K-edge NEXAFS spectrum for pristine 
TRGO was composed of various transitions from C 1s orbitals 
to empty, bound final states (Figure  1H). At the lower energy 
side, a sharp resonance at a photon energy of 284.8  eV corre-
sponds to C1s π* transition of sp2-hybridized carbon species. At 
higher binding energy side, a second sharp resonance arouse at 
292 eV referring to C1s σ* transition of sp3-hybridized carbon 
species. For TRGO-Trz, all TRGO-corresponding resonance fea-
tures were observable in the carbon K-edge NEXAFS spectrum, 
but also new resonances corresponding to the dichloro-triazine 
moieties occurred in the photon energy regime between 285 
and 290 eV.[29] After functionalization, the resonance intensity 
ratio of C1s π* transition to C1s σ* transitions did not change, 

Figure 1. Characterization of functionalized graphene sheets before and after protein binding. Highly resolved C1s XP spectra for A) TRGO, B) TRGO-
Trz, and C) TRGO-Trz-apoferritin. Highly resolved N1s XP spectra for D) TRGO, E) TRGO-Trz, and F) TRGO-Trz-apoferritin. G) XP survey spectra for 
TRGO, TRGO-Trz, and TRGO-Trz-apoferritin. H) Normalized C K near-edge x-ray absorption fine structure spectra for pristine TRGO, TRGO-Trz, and 
TRGO-Trz-apoferritin. I) Zeta-potential for apoferritin, TRGO-Trz and TRGO-Trz-apoferritin in HEPES buffer medium at pH = 7.6.
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indicating the successful preservation of the aromatic π-system. 
After conjugation of apoferritin to TRGO-Trz, all TRGO-Trz-cor-
responding resonance features could be observed. Additionally, 
a second very strong resonance at 288.1 eV was apparent, which 
could be assigned to C1s π* transition of CO-containing 
peptide bonds of the protein, confirming the conjugation of 
apoferritin to the TRGO-Trz. Furthermore, the resonance inten-
sity ratio of C1s π* transition to C1s σ* transitions decreased 
significantly due to the relative high number of sp3-hybridized 
carbon species of the protein.

The ζ-potential for pristine TRGO-Trz in buffer medium 
(pH = 7.6) was found to be −25 mV and to be −8.0 mV for apo-
ferritin, indicating that non-specific interaction between the 
support film and protein is unfavored with respect to the sur-
face charge. After conjugation, the ζ-potential of TRGO-Trz-
apoferritin changed to −35 mV (Figure 1I).

As a next step, the sample support film for cryoEM was pre-
pared by deposition of functionalized graphene onto standard 
holey carbon TEM grids using a LB trough (Figure  S1, Sup-
porting Information). Here, conventional holey carbon TEM 
grids were placed at the bottom of the trough filled with 
water-methanol solution (11:1). After a dispersion of TRGO-
Trz sheets in a water–methanol solution (1:1) was carefully 
dropped onto the solution’s surface, the sheets were deposited 
onto the grids by a slow drain of solution from the trough. 
Successful deposition of functionalized graphene sheets could 
be confirmed by typical Bragg reflections from electron irra-
diation (Figure S6, Supporting Information). To investigate if 
our support film and the chemical coupling reaction interferes 
with structural analysis by cryoEM, we chose apoferritin as a 
test specimen. Apoferritin is a well-established model protein 
in electron microscopy due to its outstanding robustness and 
high degree of symmetry, which allows reconstructions with 
near-atomic resolution.[31] We performed the coupling reac-
tion of apoferritin to the TRGO-Trz covered grids for 3  min 
at 30  °C under controlled ambient conditions in the Vitrobot 
chamber to ensure proper protein binding. Excess solution 
was removed by conventional blotting before vitrification in 
liquid ethane.

The correspondingly prepared cryogrids revealed a uniform 
distribution of apoferritin particles with high density coupled 

to the support film (Figure 2A). To confirm that particles were 
chemically coupled rather than physically adsorbed, we per-
formed control experiments by washing the film with buffer 
(Figure S2, Supporting Information) after the reaction. Apofer-
ritin particles were still present in high quantity after washing, 
supporting that binding was mediated by coupling through 
the dichloro-triazine moieties. Ultimately, to confirm that our 
coupling approach preserved protein structure, single parti-
cles analysis was conducted. The obtained 3D reconstruction 
(Figure 2C) had a global resolution of 2.95 Å, locally extending 
up to 2.6 Å with individual protein side chains clearly resolved 
(Figure S3, Supporting Information). Most notably, the recon-
struction is virtually indistinguishable from a control sample 
prepared on standard holey carbon grids (Figure 2B), indicating 
that our support film as well as the coupling reaction preserve 
protein integrity (Figure S4, Supporting Information) for the 
tested specimen.

We then asked whether our support film has beneficial 
effects on samples with unfavorable behavior. The human 20S 
proteasome is a common test specimen used in cryoEM as it 
has easy to distinguish top and side views. However, due to 
adsorption at the air–water interface,[32] human 20S proteasome 
is prone to aggregation during vitrification without support 
film. When applied to non-functionalized support film covered 
TEM grids, most of the protein particles are trapped in the top-
view orientation preventing successful 3D reconstruction.[33]

We compared cryo preparations of human 20S proteasome 
on standard holey carbon TEM grids (Figure S5, Supporting 
Information) with preparations on our TRGO-Trz support 
(Figure  S4, Supporting Information). Strikingly, only samples 
applied to the TRGO-Trz support film show intact particles 
giving rise to further evaluation by 2D classification (Figure 3A). 
Evaluation of the obtained class averages (Figure S7, Supporting 
Information) reveals pre-dominance of top views (82%) over 
side views (18%). To further investigate, if covalently conjugated 
particles behave different from non-covalently adsorbed parti-
cles, additional grids were prepared including a washing step. 
To this end, after the coupling reaction was completed, excess 
liquid was removed and replaced with sample buffer on the 
grid twice before vitrification (Figure  3B). Despite an obvious 
reduction in total particle concentration on the grid, analysis 

Figure 2. Application of the sample support film in single particle cryoEM analysis: A) representative micrograph illustrating apoferritin on graphene 
film and B) on standard holey carbon TEM grids without support film. C) 3D reconstruction of apoferritin on top of sample support film. Scale bars 
correspond to 50 nm.
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by 2D classification revealed a significant change in the dis-
tribution of particle orientations (Figure S8, Supporting Infor-
mation). After washing, we find 59% top-view and 41% side-
view projections as determined by 2D classification, demon-
strating efficient randomization of 20S proteasome orientations 
(Figure 3C). Capitalizing the improved distribution of top and 
side-views, a 3D reconstruction of the human 20S proteasome 
at 2.7  Å resolution could be generated (Figure  3D,E). To fur-
ther visualize the distribution of protein particles within the 
ice layer, cryo electron tomography (cryo-ET) was employed 
(Figure 4), revealing proteasome particles in high density exclu-
sively attached to the support film (Figure 4A–C). Notably, the 
nearly equal distribution of side-view and top-view orientations 
obtained by SPA are confirmed by cryo-ET (Figure 4D).

Prospectively, our presented graphene-based support film 
can be used as versatile tool for coupling of various moieties. 
The temperature dependent substitution of the two chlorine 
atoms attached to the triazine moieties[29] allows the controlled 
and stepwise post-modification with, e.g., chemical linkers for 
protein binding at low temperatures, structurally flexible or 
hydrophilic linker molecules, enabling the tailoring of more 

customized support film materials for analysis of more fragile 
protein species. Besides the chemical linkage of proteins by 
amine-coupling, also DNA- or RNA-fragments can be conju-
gated to the triazine moieties. This allows for direct interaction 
studies of nucleic acid binding proteins on the grid or permits 
affinity-based purification from heterogeneous samples.[26]

3. Conclusion

In summary, we present a simple sample support material for 
structural cryoEM analysis of biomacromolecules based on 
functionalized graphene sheets. The protein of interest can 
be covalently anchored to the developed support film through 
intrinsic lysine or cysteine residues. Capability for high reso-
lution structure determination was confirmed by single par-
ticle analysis of apoferritin. Prevention of protein denaturation 
at the air–water interface and improvement of particle orien-
tation distribution after covalent coupling could be demon-
strated by studies of human 20S proteasome. We envision the 
application of our developed sample support as platform for 

Figure 3. Micrographs of vitrified human 20S proteasome on A) support-film covered TEM grids and B) support-film covered TEM grids including one 
washing step between sample application and vitrification—insets showing 20S proteasome with I) side view orientation and II) top view orientation. 
C) 2D class distribution for 20S proteasome on support-film covered grids with and without washing after sample application. 3D cryoEM map of 
human 20S proteasome in D) top view and E) side view orientation. Scale bars correspond to 50 nm.
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target-protein-driven tailoring of individual sample support 
films according to the experimental requirements.

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