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• Are there treatments that can be applied to 
thin carbon that are advantageous? 

• Should we be using carbon at all?

• Are there new substrates that offer 
advantages over the traditional thin carbon?

• Can we envision improving on these further 
using surface treatments?
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First amorphous carbon 
films for EM  

D. E. Bradley 
1953  
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for EM  

Fukami and Adachi 
1965 



‘Graphene’ 
for EM 

Beer  
1962  

A SIMPLE PREPARATION OF GRAPHITE-COATED GRIDS 
FOR HIGH RESOLUTION ELECTRON MICROSCOPY 

MICHAEL BEER and PETER J. HIGHTON. From the Department of Biophysics, Johns Hopkins Uni- 

versity, Baltimore, Maryland 

High resolution electron microscopy requires that 
the specimen supports be smooth. With this in 
mind a procedure was developed for cleaving 
single graphite crystals into thin flakes suitable as 
specimen supports. Fernfindez-Morfin (1) was the 
first to use graphite and mica crystals for specimen 
supports. He as well as Sprague (2) obtained the 
thin sheets of mica and graphite required through 
successive cleavages of single crystals by attaching 
adhesives or plastics to each side of the crystal and 
then pulling these apart. We have found the com- 
plete removal of the adhesive virtually impossible. 
In  this note we report a method in which no adhe- 
sives are used, and smooth, clean, thin graphite 
fihns are readily obtained. 

Single crystals of graphite are obtained from 
marble embedded with graphite (2). This is 
mined in Essex County, New York, and can be 
purchased through Ward's  Natural  Science 
Establishment, Inc., Rochester, New York. 
Concentrated nitric acid dissolves the marble, 
leaving the graphite and a small amount  of 
quartz. This residue is washed in tap water. A 
drop of clean ethanol is put on a clean, glass 
microscope slide. A good, unfragmented, smooth, 
graphite crystal is placed on the drop of ethanol. 
Another slide is placed over this, and the sand- 
wich is lowered into liquid nitrogen and left there 
until  the rapid boiling ceases. The glass-graphite 
sandwich is then removed and the glass slides are 
forced apart. I t  is found that the frozen ethanol 

acts as an adhesive and the graphite is cleaved, 
leaving part of the crystal attached to each glass 
slide. The glass slides are allowed to warm up, 
the condensed water removed, another drop of 
ethanol placed on each crystal, and the procedure 
repeated. Successive splittings are continued 
until  at least a portion of the crystal is sufficiently 
thin to be light grey. Such flakes are then floated 
off on water after much of the ethanol has evapo- 
rated, but  before the condensed water has com- 
pletely dried off. The graphite flakes then can be 
picked up on grids coated with polybutene (3). 
During one afternoon perhaps two dozen graphite- 
coated grids can be prepared with a litde practice. 
Light grey flakes are thin enough for high resolu- 
tion microscopy. The adsorption properties 
appear to be similar to those of evaporated carbon 
and the graphite grids can be used for the recovery 
of long DNA molecules in a manner  similar to 
that described previously (4). Quanti tat ive aspects 
of the improvement in background are now 
under  investigation. 
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Reduced ‘graphene oxide’ 
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Dobelle & Beer  
1968  



Jacques Dubochet

Vitreous = glass, amorphous
NOT crystalline
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100 Å gold particles in ice 300 keV 20 e–/Å2  Polara Falcon 3 
Raw micrograph  no motion correction

gold 111  
2.35 Å Seeing atoms in ice
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p97 AAAase  
3.9 Å

Chen et al. 2016

STRA6 
3.9 Å

the CTD (Figures 2A and 2B). Comparison of difference maps
calculated from reconstructions that have Ca2+, but lack ATP/
caffeine, and those that have ATP/caffeine, but lack Ca2+, allow
us to uniquely assign a peak corresponding to Ca2+; density fit
considerations allow us to infer which of the two remaining peaks
is ATP and which is caffeine (Figure 2C; Star Methods). Ca2+

binds at the interface of the CTD and CSol (Data S1, 1), ATP
binds at the mutual junction of S6c, the CTD and TaF domains
(Data S1, 2), and caffeine binds between the CTD and the
S2S3 domain (Data S1, 3; Figures 2D–2F).
The putative Ca2+-binding site is between the carboxylate side

chains of E3893 and E3967 of the core solenoid, and the back-
bone carbonyl of T5001 from the CTD (Figures 2D and S3A;
Data S1, 1). In addition, Q3970 and H3895 contribute to the sec-
ond coordination sphere of Ca2+ (Figure S3A; Data S1, 1). These
five seemingCa2+–interacting residues are conserved in both the

D
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Figure 2. Ca2+, ATP, and Caffeine Bind to the
C-Terminal Domain of RyR1
(A) The architecture of RyR1/Cs2 is depicted in

ribbon representation, with the shell (residues

1–3666) colored light blue, the core solenoid (resi-

dues 3667–4253) dark green, the transmembrane

region and S6c (residues 4540–4956) orange, and

the CTD (residues 4957–5037) dark red. In the

boxed area, a locally aligned difference density map

calculated between the EGTA-only reconstruction

(all classes combined) and the reconstruction ob-

tained in the presence of Ca2+, ATP, and caffeine

(classes 3 and 4) is depicted in green/red mesh,

contoured at 5s. Putative binding sites for Ca2+,

ATP, and caffeine are labeled.

(B) Enlarged view of the inset in (A), with ligands and

interacting residues on RyR1 depicted in stick rep-

resentation.

(C) Locally aligned difference maps, all contoured at

5s, between the following respective pairs of

structures: (Ca2+ only) - (EGTA only) (left) and (ATP/

Caffeine/EGTA) - (EGTA only) (right).

(D–F) The binding sites of Ca2+, ATP, and caffeine,

respectively, with likely interacting residues labeled

and depicted in stick representation, and putative

RyR-ligand interactions indicated as thin black

sticks. The RyR1 backbone is shown in licorice/

worm representation. One plausible orientation of

caffeine is depicted, as it cannot be determinedwith

certainty from the density alone.

RyR and IP3R families (Figure S3B),
consistent with a possible role for this
site in Ca2+-dependent activation of RyR
and IP3R channels, both of which display
a similar biphasic response to Ca2+ (Bez-
prozvanny et al., 1991). Mutation of residue
E4032 severely impairs Ca2+ activation in
both RyR1 and RyR2 (Fessenden et al.,
2001; Li and Chen, 2001). E4032 appears
to stabilize the CTD-CSol interface by
directly H-bonding to the amide nitrogens
at the end of one of the CTD helices, but
it does not directly contribute to the Ca2+-

binding site (Figures 2D and S3; Data S1, 1), and E4032 is not
conserved in IP3R channels (Figure S3B).
The ATP-binding site of RyR1 is located at the interface

formed by the S6c-CTD junction and the C-terminal half of
the TaF motif, with the entrance of the pocket facing away
from the channel axis, not directly accessible from the perme-
ation pathway. The adenine base is buried in a hydrophobic
cleft lined by M4954, F4959, T4979, and L4985, while the ribose
ring and triphosphate tail interact with S6c and the ‘‘forefingers’’
of the TaF domain (Figure 2E; Data S1, 2). Three positively
charged residues (K4211, K4214, and R4215) from the first
TaF finger are positioned to interact with the triphosphate tail
of the nucleotide, while E4955 appears likely to interact with
the ribose ring. The adenine-binding site is located directly adja-
cent to the recently identified Zn-binding site in the CTD (Yan
et al., 2015).
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Fig. S8. Cryo-EM density for GluA2-1xSTZ. (A) Overall view of GluA2-1xSTZ model 

fit into the GluA2-1xSTZ (non-symmetrized) cryo-EM density map (shown as mesh). 

Protomers of GluA2 are colored mint (A), coral (B), light-blue (C), and gold (D). STZ is 

shown in purple. (B) Stereo view of STZ fit into the GluA2-1xSTZ density map. Maps 

are shown at 7V.  

Twomey et al. 2016

AMPA receptor 
5.6 Å

Pol I 
3.8 Å

Neyer et al. 2016
LETTER RESEARCH

Extended Data Figure 3 | Quality of single-particle cryo-EM 
reconstructions. a, Top and bottom view of local resolution surface maps. 
b, Representative areas of the single-particle cryo-EM density for Pol I 
EC (left panel) and Pol I monomer (right panel). The A190 helix α 19 
(upper panel) and the A135 strand β 40 (lower panel) are depicted together 
with the refined model superimposed. c, Angular distribution of particle 

images. Red dots indicate views with at least one particle assigned  
within 1°. Black shading represents the number of particles. The 
orientation occupancy is similar for both structures and covers most  
of the angles. d, FSC curves. Blue lines indicate the FSC between half  
maps of the respective reconstruction and red lines indicate FSC between 
the derived model against the single-particle cryo-EM map.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Davis et al. 2016

60S ribo 
4.4 Å

Figure S5. Reconstructed Maps of bL17-Limited Assembly Intermediates, Related to Figure 5
(A) View of the peptide exit channel with each super-class shown as a colored semi-transparent surface. Classes colored as in Figures 4 and 5. Proteins marking

the exit tunnel are noted.

(B) Detailed view of the peptidyl transferase center (PTC) disordered (class E4, top) or nearly native (class E5, bottom) confirmation. A-site and P-site rRNA

residues colored red.

(C) Maps from classes C1 (orange and yellow) or D1 (green, right) with docked LSUmodel (PDB: 4YBB, blue). 5S and rRNA helices near the central protuberance

(CP) colored red and purple, respectively.

(D) 2D-class averages showing undocked CP (top) or properly docked CP (bottom), which is noted with a white arrow.

!

Figure 3. Structure of rabbit muscle aldolase at ~2.6 Å resolution. 
(a) The ~2.6 Å resolution aldolase EM density (D2 symmetric) segmented based on protomer 
organization. (b) The gold-standard Fourier shell correlation curve indicates a final resolution of 2.6 Å at 
0.143 FSC. (c) The local resolution estimate of the final aldolase reconstruction calculated using BSOFT 
reveals that most of the molecule is resolved to better than 2.8 Å, with the core of the molecule resolved 
to ~2.5 Å. (d and e) Representative regions of the aldolase EM density (gray mesh, zoned 2 Å within 
atoms) indicate the map is of sufficient quality to unambiguously assign side-chain conformations as well 
as (f) the placement of putative ordered water molecules. 
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Surfaces: 
Why do they matter? 



Tomogram of ribosomes in ice on an amorphous carbon film 
courtesy of Tanmay Bharat
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Proteins adhere to surfaces

See also Alex Noble



Naydenova & Russo, Nature comm. 2017

Contamination
Air-water interface

Ice
Carbon

Proteins interact with water 
surfaces before freezing

Supplementary Note 1: On the origin of preferred orientations in single-particle cryo-EM

To good approximation, water and its saline forms in biology are isotropic over length scales ranging
from ⇠ 10 Å to > 10 mm. So, excluding externally applied force fields, a solvated biomolecular complex
will show no orientation preference when isolated in solution. It is only upon encountering a surface that
it can be oriented in a non-random way with respect to the laboratory frame of reference. Cryo-electron
microscopy requires a specimen that is as thin as possible to maximise image contrast. In practice, the ideal
water layer is just thicker than the particle, typically anywhere from order 100 to 1000 Å.

Proteins can interact with surfaces by a number of di↵erent forces, which act at several length scales:
from short-range interactions like hydrogen bonding and Van der Waals forces (⇠ 1 Å), to medium-range
forces like the hydrophobic interaction (⇠ 10 Å), to long-range forces like Coulomb interactions (⇠ Debye
length scale, 10 to 100 Å in 100 to 1 mM salt) [1].

Using this knowledge of the interaction length scales in the problem, we estimate to within an order
of magnitude, how many times a particle may interact with a surface during the time between when the
specimen is applied to the grid and excess water is removed and when it is rapidly frozen in a cryogen. If we
take the mass of the protein particle in the range from 100 kDa to 1 MDa, then the corresponding di↵usion
constant, D, is of order 10�6 to 10�7 cm2s�1 at 20�C [2], and scales according to D / MW

�1/3 [3]. The
average distance �x di↵used in time t can be calculated as

�x =
p
2Dt (1)

The relevant time here is the residence time, i.e. the time elapsed between the removal of excess water to
establish the thin film and the time at which it is frozen.

Supplementary Table 1: Di↵usion of molecules in a thin film of water

MW D Residence d Num. short-range Num. hydrophobic Num. electrostatic
(kDa) (cm2s�1) time (s) (Å) interactions interactions interactions

10 1⇥ 10�6 10 500 103 103 103

102 5⇥ 10�7 10 500 103 103 103

103 2⇥ 10�7 10 500 103 103 103

104 1⇥ 10�7 10 2000 102 102 102

10 1⇥ 10�6 1 500 103 103 103

102 5⇥ 10�7 1 500 102 102 103

103 2⇥ 10�7 1 500 102 102 102

104 1⇥ 10�7 1 2000 10 10 102

10 1⇥ 10�6 10�3 500 10 10 10
102 5⇥ 10�7 10�3 500 10 10 10
103 2⇥ 10�7 10�3 500 10 10 10
104 1⇥ 10�7 10�3 2000 1 1 1

We perform calculations for the range of values relevant to cryo-EM specimens, and tabulate the results
in Supplementary Table 1, where MW is the molecular weight, D is the corresponding di↵usion constant,
and d is the water layer thickness. To estimate the number of interactions we take di↵usion path length

1

See also Glaser and Han 2016
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from ⇠ 10 Å to > 10 mm. So, excluding externally applied force fields, a solvated biomolecular complex
will show no orientation preference when isolated in solution. It is only upon encountering a surface that
it can be oriented in a non-random way with respect to the laboratory frame of reference. Cryo-electron
microscopy requires a specimen that is as thin as possible to maximise image contrast. In practice, the ideal
water layer is just thicker than the particle, typically anywhere from order 100 to 1000 Å.
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length scale, 10 to 100 Å in 100 to 1 mM salt) [1].

Using this knowledge of the interaction length scales in the problem, we estimate to within an order
of magnitude, how many times a particle may interact with a surface during the time between when the
specimen is applied to the grid and excess water is removed and when it is rapidly frozen in a cryogen. If we
take the mass of the protein particle in the range from 100 kDa to 1 MDa, then the corresponding di↵usion
constant, D, is of order 10�6 to 10�7 cm2s�1 at 20�C [2], and scales according to D / MW

�1/3 [3]. The
average distance �x di↵used in time t can be calculated as

�x =
p
2Dt (1)

The relevant time here is the residence time, i.e. the time elapsed between the removal of excess water to
establish the thin film and the time at which it is frozen.

Supplementary Table 1: Di↵usion of molecules in a thin film of water

MW D Residence d Num. short-range Num. hydrophobic Num. electrostatic
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Surfaces: 
What are the current options?
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Continuous carbon films
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Surfaces: 
How do we modify them?



Plasma treatment

• Plasma created by ionisation of a low 
pressure gas
– E.g. in air (glow discharge), oxygen, argon, 

hydrogen

• Ions interact with surface to remove 
adsorbed contamination and render it 
hydrophillic

• Other molecules can be introduced to 
alter the surface, e.g. Amylamine

Dubochet et al. 1982 



Ted Pella easyGlow (c. 2015) Edwards S150B (c. 1995) Edwards 12E6 (c. 1962)

Passmore & Russo MiE 2016

Residual air plasmas: glow discharge



Dedicated plasma systems

Passmore & Russo MiE 2016, image B. Carragher



Surfaces: 
What about something thinner? 
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Surfaces: 
How to tell if one is better than another?
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Which is better?



Filling Fourier space with information

Completely 
undetermined 

Fourier 
components

Two particles 10000 particles

Transfer 
functions

Naydenova & Russo, Nature Comms 2017



Fill Fourier space for  
each orientation plane:

Sum up contributions  
from all views:

Normalize to unit power:

Recall the formation of the 
image in Fourier space:

Take inverse Fourier transform:

3D image actual object
Point spread function  

(inverse transform of the  
transfer function)



Shape of the PSF at 1/e2 point: anisotropic 
resolution

direction with 
worst resolution

direction with 
best resolution

mean resolution = ? 
variance in the resolution = ?

The perfect PSF

radius = resolution



Efficiency = 1 - 2 x StDev / Mean
200

150

100

50

0

N
um

be
r o

f d
ire

ct
io

ns

20151050
Radius, Å

200

150

100

50

0

N
um

be
r o

f d
ire

ct
io

ns

20151050
Radius, Å

Efficiency 0.8

Efficiency 0.2



1.0

0.8

0.6

0.4

0.2

0.0

Ef
fic

ie
nc

y

12108642
Solid angle (str)



Orientation distribution
Fourier space

coverage
(projection)

Point spread
function Efficiency

1

0.6

0.2

20 Å20 Å 20 Å



80 Å

 

*

*

*

odE  = 0.9

RFSC = 5.4 Å

N = 173,276

odE  = 0.7

RFSC = 2.8 Å

N = 606,466

odE  = 0.6

RFSC = 4.5 Å

N = 35,813

Density map Orientation distribution Point spread fn.
β-
ga
l

2
0
S

 p
ro

te
a
s
o
m

e
8

0
S

 r
ib

o
s
o

m
e

8
0

S
 r

ib
o

s
o

m
e

odE  = 0.1

RFSC = 19 Å

N = 28,844

*

EMD-2548

100 Å

EMD-6287

100 Å

Naydenova & Russo, Nature Comms 2017



80 Å

 

*

*

*

odE  = 0.9

RFSC = 5.4 Å

N = 173,276

odE  = 0.7

RFSC = 2.8 Å

N = 606,466

odE  = 0.6

RFSC = 4.5 Å

N = 35,813

Density map Orientation distribution Point spread fn.

β-
ga
l

2
0

S
 p

ro
te

a
s
o

m
e

8
0
S

 r
ib

o
s
o
m

e
8
0
S

 r
ib

o
s
o
m

e

odE  = 0.1

RFSC = 19 Å

N = 28,844

*

80 Å

 

*

*

*

odE  = 0.9

RFSC = 5.4 Å

N = 173,276

odE  = 0.7

RFSC = 2.8 Å

N = 606,466

odE  = 0.6

RFSC = 4.5 Å

N = 35,813

Density map Orientation distribution Point spread fn.
β-
ga
l

2
0
S

 p
ro

te
a
s
o
m

e
8

0
S

 r
ib

o
s
o

m
e

8
0

S
 r

ib
o

s
o

m
e

odE  = 0.1

RFSC = 19 Å

N = 28,844

*

EMD-2275

100 Å

Russo & Passmore 2014

100 Å

Naydenova & Russo, Nature Comms 2017



d
30°

60°

90°

120°

150°

0°-90°-180° 90° 180°

30°

60°

90°

120°

150°

30°

60°

90°

120°

150°

0°-90°-180° 90° 180°

30°

60°

90°

120°

150°

a b

c

ice 
unsupported

graphene

amC
glow discharged

amC
H plasma

Russo and Passmore. ”Controlling Protein Adsorption On Graphene For Cryo-EM Using Low-Energy Hydrogen Plasmas". Nature Methods 11.6 (2014): 649-652.

Which is better?



Substrate OD Number of particles PSF Efficiency

Amorphous C 
Glow discharged 10009 0.55

Amorphous C 
H-treated 4620 0.45

Graphene 6270 0.38

None 10412 0.29



Orientation distribution Point spread fn.

Eod
 = 0.3

40 Å

Eod  = 0.6
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Tilting may improve the 
efficiency

see also: Tan et al. Nature Methods (2017)Naydenova & Russo, Nature Comms 2017



Optimal tilt angle determination

vs
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filling up missing views
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quality loss



Tilt 29o

Efficiency = 0.42 Combined Efficiency =  0.72



Euler angles from !
3D reconstruction !

(RELION star file, FREALIGN par file, etc)

size of object

B factor value

K-space coverage map 
(.mrc and projection)
PSF (.mrc) and threshold 
for viewing
Efficiency estimate

Weakest & strongest 
directions

symmetry group
Tilt recommendations

FSC resolution

CPU time ~ 0.1 - 10 
hours

Input Output

box size

Naydenova & Russo, Nature Comms 2017 www.mrc-lmb.cam.ac.uk/crusso/cryoEF
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• Rigorously measure quality (efficiency) of the orientation 
distribution (OD) by analysing the anisotropic PSF.

• Use of the algorithm allows rapid (1000 particles!) 
assessment of different experimental conditions, support 
surfaces and their effect on the OD.

• Tilt can partially compensate for inefficient OD and the 
appropriate angles can be predicted from the PSF.

• Efficiency of the OD is at least as important as amount of 
data collected in reaching high resolution.
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• Are there treatments that can be applied to 
thin carbon that are advantageous? 

• Should we be using carbon at all?

• Are there new substrates that offer 
advantages over the traditional thin carbon?

• Can we envision improving on these further 
using surface treatments?

yes

<no|yes*>

yes

yes



Types of specimen supports
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