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«  It’s opened up a previously unapprochable area of structural biology » R. Henderson 
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THE	REVOLUTION	

A ‘revolution in resolution’
Joachim Frank, Nature protocols, 2017
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Cellular cryo-EM



HOW TO DETERMINE THE STRUCTURE OF YOUR FAVORITE BIOLOGICAL 
SAMPLE USING CRYO-EM AND SINGLE PARTICLE ANALYSIS?



INTRODUCTION TO SAMPLE PREPARATION 
AND IMAGE FORMATION/DETECTION 

IN TRANSMISSION ELECTRON MICROSCOPY 

Adeline GOULET

Oléron 2018



1) Introduction to image formation 
- basic anatomy of a microscope 
- amplitude vs phase contrast

2) Overview of sample preparation for SP EM 
- Negative staining 
- Flash Freezing 
- EM grids



Why electrons?
1924

- Wave-particle duality (Louis de Broglie) : 
A particle with a mass m and a speed v is characterized by a wave length λ  

λ=h/(m.v) (h=Planck constant)

Tension (kV) Wavelength (Å) Resolution (Å)

100 0,037 0,023

300 0,0197 0,012

average atom radius ~ 1 Å  // C-C ~ 1.54 Å

The electron beam wavelength is NOT a limiting parameter in getting atomic structures

- Rayleigh criterion: d (resolution) ~ 0.61 x λ 



Szilard (physicist) : « Busch has shown that one can make 
electron lenses, de Broglie has shown that they have sub-
Angstrom wave lights. Why don’t you make an electron 
microscope, one could see atoms with it! » 

Gabor (physicist): « Yes, I know. But one cannot put living 
matter into a vacuum and everything will burn anyway to a 
cinder under an electron beam »

1931

Why electrons?

Ernst Ruska built the first TEM (mag 17.4) 

Noble Prize in 1986



** 2005 TITAN Krios Thermo Scientific™ **

Why electrons?
1931



Electron gun
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 lenses
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High vacuum ~ 10-6 Pa

Basic anatomy of an EM



Thermionic emission *Field Emission Gun*

accelerator 
stack

electron 
source

0 kV

-200 kV

- Brightness or spatial coherence (~ electrons density) 

- Temporal coherence (same wavelength)

Coherence & brightness

Electron sources



magnetic field 

copper wire (lens)

electron trajectories

object

magnified image

Lorentz force 

F=-e(v∧B)

Electromagnetic lenses

Electromagnetic lenses 
deviate and focalise electrons



EV Orlova & HR Saibil, Chemical Reviews, 2011

beam convergence 

                      spot size

Image formation

Image magnification

Electromagnetic lenses

Electromagnetic lenses 
deviate and focalise electrons

Lorentz force 

F=-e(v∧B)



EV Orlova & HR Saibil, Chemical Reviews, 2011

Electromagnetic lenses

selects electrons that 
make the beam

selects electrons that 
form the image

Electromagnetic lenses 
deviate and focalise electrons

Lorentz force 

F=-e(v∧B)



Objective lens aberrations (focalisation defects) limit the resolution

Spherical 
aberration

**Cs correction**

Chromatic 
aberration

Astigmatism
(corrected 

with stigmators)

Electromagnetic lenses

EV Orlova & HR Saibil, Chemical Reviews, 2011

Perfect lens

= Focal length

circle of least confusion

ds=0.5Csalpha3

= Focal length

Disk of 
least confusion

Cs: spherical 
aberration coefficient 
α: angular aperture

ds = 0.5xCsxα3



Detectors

The image is divided up into pixels with a 
given sampling that determines the highest 
resolution to analyse.

Nyquist limit = 2x(pixel size)

Sampling (Å/pix) Resolution (Å)

2 4

5 10



Detectors

- Digitization (1 pixel= 8 μm) 
- 1s/frame

Photographic film CCD camera

- Digital image (1 pixel= 14 μm) 
- 1s/frame

Noise affecting 
resolution

Downing K et al, 1999



*** Direct electron detector ***

- Digital image (1 pixel= 5 μm) 
- high speed read-out —> 400 images/sec

Detectors

Courtesy of O. Lambert

DQE (Detective Quantum Efficiency) 
~ Sensitivity

Higher DQE 
for DED



DED

Detectors
Rolling read-out reduces noise in images



Bai X et al, TiBS 2015

dose fractionation 
40 e-/A2 total 
1 e-/A2/0.4s —> 40 frames

Average after translational 
alignment of individual frames

Brilot A et al, JSB 2012

Average of frames that 
experienced translations

Detectors
DED Rolling read-out enables motion correction



Image formation

Inelastic scattering 
(low angle, Ei<E0)

 = Fundamental 
limit for resolution

RADIATION DAMAGE

Unscattered electrons 
(Eu=E0)

Elastic scattering 
(Ee=E0)

(Eo)

EV Orlova & HR Saibil, Chemical Reviews, 2011



Image formation
Amplitude contrast (electrons as particules)

Amplitude contrast 

= 

lose of electrons

Incident electrons

dense object, heavy atoms

Transmitted 
electrons

Backscattered electrons

Backscattered vs transmitted 
electrons create contrastEV Orlova & HR Saibil, Chemical Reviews, 2011



Image formation
Phase contrast (electrons as waves)

- 2D projection of the sample’s Coulomb potential

in phase out of phase

destructive 
interference

constructive 
interference

- biological samples are weak phase objects

- small phase shift —> small amplitude variation

detector

unscattered wavescattered wave 

(phase shift)

objective lens

thin sample

Incident wave

interference 
gives contrast

scattering 
angle



Image formation
Contrast is enhanced by taking under-focus image

Defocus

EV Orlova & HR Saibil, Chemical Reviews, 2011

Contrast transfer function

Nejadasl, 2011

Volkmann & Hanein, 2002

0.5 µm 1 µm 



Image formation

EV Orlova & HR Saibil, Chemical Reviews, 2011

*** Phase plate *** introduces contrast over a large resolution range



Image formation
*** Phase plate *** introduces contrast over a large resolution range



1) Introduction to image formation 
- basic anatomy of a microscope 
- amplitude vs phase contrast

2) Overview of sample preparation for SP EM 
- Negative staining 
- Flash Freezing 
- EM grids



Sample preparation

Carbon 
foil

Grid
(Ni, Cu, Au)

- continuous

- holey

- lacey

- functionalized



Negative staining

The macromolecular shape is seen by exclusion rather than 
binding of stain (negative staining)

EV Orlova & HR Saibil, Chemical Reviews, 2011



Negative staining

Advantages

- quick & easy 
- Few amount of sample (~15-50 µg/mL) 
- high contrast                                         

(uranyl acetate, phosphotungstic acid, molybdate, …) 
- Evaluate sample homogeneity, size, 

shape, symmetry, complex formation

Disadvantages

- Limited resolution (20Å) 
- Sample damage 

(dehydration, pH, particles 
often squashed) 

- Uneven staining makes 
difficult data processing and 
analysis



Negative staining
Archaeal virus Bacteriophage baseplate

Bacteriophage
photosynthetic complex Anti-CRISPR/Cas9

PKS module

(0.5-1 MDa)

(170-320 kDa)



Flash-freezing

** Flash-freezing traps biological samples in a vitreous, 
amorphous ice close to their native state **

Vitrification requires a 
drop of temperature 

faster than 105-106K/s



Flash-freezing
Guillotine

Cheng et al, Cell, 2017

Automated plunge freezer

Controls: 
- T° & humidity 
- blot force/time, single/double side 
- liquid ethane temp

EV Orlova & HR Saibil, Chemical Reviews, 2011

- sample < 3 µm 
- liquid ethane (melting point ~ 

-183°C vs LN2 boiling point ~ -196°C) 
- plunge at > 1m/s



Flash-freezing

https://cryoem.ucsd.edu

Low mag view of a grid square

K2 DED, 300 kV, 3-4 µm defocus, 17 e-/A2/s, 4s exp

Vinothkumar & Henderson, QRV, 2016

Beta-galactosidase



Flash-freezing

Frozen samples suffer from radiation damage



Flash-freezing

Sample 
Concentration

Buffer composition 
- low salt (< 150 mM NaCl) 
- < 5% glycerol, sucrose, … 
- Low conc. detergent

Vinothkumar & Henderson, QRV, 2016



Flash-freezing

Gold grid

Russo & Passmore, Science, 2014

A gold specimen support nearly eliminates substrate motion during irradiation



Flash-freezing

* Single layer of graphene 
to control sample distribution * 

Russo & Passmore, Nat Meth, 2014

Graphene



Flash-freezing

Affinity grids

Kelly D, JMB,2010Kelly D, JMB, 2008

protein A
IgG
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Célia Plisson
Image analysis, 
3D reconstruction validation & interpretation

HOW TO DETERMINE THE STRUCTURE OF YOUR FAVORITE BIOLOGICAL 
SAMPLE USING CRYO-EM AND SINGLE PARTICLE ANALYSIS?


