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High Speed AFM 
imaging of molecular 

dynamics


High Speed AFM 
mechanical studies


Overview and 
perspectives


Introduction to High Speed Atomic Force Microscopy!



Atomic force microscope 

Lever length: ~ µm 
Tip radius: ~ nm 

Atomic Force Microscope (AFM)!

Phonograph 

Mounting: ~ mm 
Tip radius: ~ µm AFM 

tip 

photodiode 

Z piezo 
positioner 

laser 



Atomic Force Microscope (AFM)!



The nativeness of the proteins in structural biology


3D-crystal 

Atomic Force Microscope 
in buffer solution 

at ambient pressure 
at ambient temperature 

and label-free 

2D crystal 

Densely packed reconstitution 

Loosely packed reconstition 

Native membrane ex cellula 

Native membrane in cellula 

more native 

less native 

How native are the proteins surroundings!
by technique!

AFM 



Techniques in structural biology!



Techniques in structural biology!



Nanoscale organization 
 in biology 

 
AFM unique:  

Label-free all-component 
visualization 

Casuso et al. 2010  BJ L47-49  



Historical timeline of membranes by AFM!

90’s 
One bacterial protein in crystal 

Bacteria Outer Membrane 

Bacteria Inner Membrane 
 

Eye Retina Bacteria Inner 
Membrane 
 

Eye Crystalline 
 

00’s 
No crystalline / Complex ensembles / Eukaryotes / slow Dynamics  

Porin OmpF 
 

Bacteriorhodopsin 

Schabert et al.1995 

Müller et al.1995 

Rhodopsin 

LH1 + RC 

Bacteria Inner Membrane 
 

LH1 + LH2 + RC 

AQP0 + Conexons 

Fotiadis et al. 2003 

Scheuring et al. 2005 

Scheuring et al. 2003 

Buzhynskyy et al. 2007  

Müller et al. 2003  

t = 0s 

t = 90s 

t = 180s 

Bacteria Inner Membrane 
 ATP synthase 



Conventional versus High Speed AFM 
 

Times in biology 

fs! ps! ns! µs! ms! s!

dy
na
mi
cs
!

AF
M
!

enzymatic  
transition states 

electronic 
transitions 

bond 
vibrations protein folding 

protein 
synthesis 

domain 
motions 

enzyme catalysis side chains 
motions 

min!~!
image scan 
conventional 

AFM 

line scan 
conventional 

AFM 

pixel sampling 
conventional 

AFM 

image scan 
HS-AFM 

line scan 
HS-AFM 

pixel sampling 
HS-AFM 

since 2001  
(T Ando) 

protein 
diffusion 

Physiological 
Conditions  



the HS-AFM is x1000 times faster than conventional AFM 

the High Speed AFM. Fundamentals 

200 µm 6 µm

200 µm

6 
µm

200 µm 6 µm

200 µm

6 
µm

mass Speed Reaction  ~ 1/√ 

T ~ µs 

T ~ ms 

minimization of moving components to the limit of light difraction 

limit of light 
diffraction 



200 µm 

6 µm 
HighSpeed Cantilever 
 

  Spring constant ~ 0.1 N/m 
  Resonance frequency in water ~ 600 kHz 
  Q ~ 2 
  Typically Amplitude Modulation 

Conventional Cantilever 
 

  Spring constant ~ 0.1 N/m 
  Resonance frequency in water ~7 kHz 
  Q ~ 2 
  Typically Contact mode 

~1/resonance mass

Fundamentals of HS-AFM 

Minimization of moving components 

HS-AFM Scanner 
 

  Scan area ~ 1µm2 

  Resonance frequency ~300 kHz 



Details of HS-AFM 
T. Ando et al. 2001 

x 

y 

z 

x40 

Laser focusing 

3D positioning 

Scanner counterbalance 

z 

x 

Active damping scanner vibrations 

initial 
scanner motion 

freq 
Corrected 

scanner excitation 
signal 

Actively damped 
scanner motion  

(resonances) 

freq 

freq (constant ratio  
motion/excitation) 

Active feedback 

Constant 
PID 

Active PID 
(higher feedback 
speed when going 
downhill) 

parachuting 

Electron Beam 
Deposited tip back to tripod 



History line of HS-AFM, 102 studies until Dec 2018 

total number of HS-AFM studies / year 



https://hal.archives-ouvertes.fr/
hal-01871339/document 





Amorphous carbon Electron Beam Deposition tips 
used in HS-AFM can be sharpened by plasma attack 



for his fundamental 
work in electron 
optics, and for the 
design of the first 
electron 
microscope” 

"for their design of the scanning tunneling 
microscope” 

Atomic Force Microscope (AFM)!

Invention of the STM and AFM 

Scanning tunneling microscopy – from birth to 
adolescence 
Nobel lecture, December 8 1986 
 
Atomic force microscope 
Phys. Rev. Lett. 1986 Mar 3;56(9):930-933 



Atomic Force Microscope (AFM)!



High Resolution AFM imaging!



High Resolution AFM imaging!



High Resolution AFM imaging!



Atomic Force Microscope (AFM)!



2001 Molecular Motor!
Kanazawa !

2010 Membrane Protein !
Kanazawa !

2010 Molecular Motor!
Kanazawa !

2011 Membrane Protein !
Kanazawa !

2012 Membrane Prot!
Marseille !

2012 Globular Prot!
Marseille !

2015 Peripheral !
MembR ProtEIN !
Marseille !

2016 Peripheral 
Membr Prot!
Marseille !

The highest impact ten HS-AFM studies 
2017 Cells !
Marseille !

2016 Protein Complex !
Basel !



Molecular Motor!
Myosin walking Visualized 

by HS-AFM !



Myosin carrying cargo vesicle between organelles!

Hypothesis based on data 
from two sources

 

(i)  Structural  data  from 

X-ray  and  electron 
microscopy data


(ii)  Dynamical  data  from 
f l u o r e s c e n c e 
microscopy




Molecular Motor. Myosin observed by HS-AFM!

Confirmation of swinging arm hypothesis

Simultaneous structural and dynamical HS-AFM data


50nm 



Model previous to HS-AFM 
1 to 1: configuration – chemical state 

(info based on static electron microscopy visualizations)   

HS-AFM visualization questions the established 
model 

The step forward observed take place without any 
chemical transition (ATP- ADP- conditions) 

New hypothesis chemical energy reaction only plays in 
the detaching the heads from actin. Change of paradigm 

1 µM ATP. 7 fps 

step 



Peripheral Membrane 
Protein !

Induced budding 
process Visualized by 

HS-AFM !



Findings 
 

-  There exist a preferred ring size of the 
Snf7 rings (Energy minimum) 

-  The tendency to achieve the preferred 
ring size drives membrane budding 

-  Larger Snf7 rings, formed during initial 
oligomerization, squeze inner rings 

Eukaryotic endosome cargo sorting  



Peripheral Membrane 
Complex !

Nuclear pore complex 
Visualized by HS-AFM!



extended entangled radial 

…highly dynamic FG Nups. Importantly, this brings 
consensus and clarity to barrier models, which 
mainly disagree on their static arrangements in the 
pore… 

cytoplasmic side view 

The mechanism by which 
the NPC selectively allows 

the transit of import or export 
complexes, while restricting 
the passage of inert species 

is poorly understood.  



Membrane Protein!
Configurational change !

Visualized by HS-AFM!



•  Light driven proton pump  
•  7 TM helices (reference for 

homologue proteins) 
•  Forms a homotrimer 
•  Homotrimers aggregate to 

form the purple membrane 
•  Stability of trimer by: 

–  G113, I117, L48 
–  Most stability comes from 

surrounding lipids 

bacteriorhodopsin 

bacteriorhodopsin 

Halobacterium salinarum 



bacteriorhodopsin 

‘trefoil’, nearest-neighbour monomers trimer  

The trefoil assembly alters the decay kinetics of the activated state from 
individual trimers  

Latest activated monomers in 
the trefoil decay time 2.0 s 

E-F loop 

Early activated monomers 
decay time lengthens to ~13 s  

highlights the relevance out of the membrane interactions between neighbor 
oligomers in protein functioning (E-F loop bending/activation)  



Membrane Protein!
Membrane mediated 

protein-protein 
interaction!

Visualized by HS-AFM!



Outer Membrane Porin F 

HS-AFM study of Porin Mediated Cell Membrane Transport 

FUNCTION: 
Passive diffusion transport of polar 
nutrients (water, ions sugars) and 
waste  

OmpF trimer Escherichia Coli Outer Membrane 

How are the OmpF molecules distributed in the bacterial membrane ? 
   

Location of Porins in the membrane is critical for Cell Transport 

  OmpF covers ~40% of the outer membrane surface 

Exchange of 
molecules with 
surroundings!



Casuso et al; Nature Nanotechnology, 
2012, 7 (8): 525-529!
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Coarsed grain molecular 
dynamics simulations


OmpF 



Lysenin !

pore forming toxin!

sphingomyelin!

binding!

Fluctuation Waves!
Dynamic heterogeneity !

Collective motion is controlled by crowding 
effects (cages)



In these conditions, the individual 
molecules diffuse in anomalous-like 
diffusion trajectories


Glassy Behavior in crowded membranes!

Munguira et al; Nature ACS NANO 2016 !

HEAT MAP by SD!
(at average Cage residence time)!



Membrane Protein!
Imaging directly !

on Cells!
HS-AFM Fluorescence!

Integration!



A Hybrid HS-AFM / Optical Microscope Setup!

Objective: best HS-AFM performance; epifluorescence OM performance


optical microscopy 
elements 

high-speed 
atomic force microscopy 
elements 

Casuso et al. Nature Communications, 2013, 4 (2155): DOI:10.1038/ncomms3155!



A Hybrid HS-AFM / OM Setup!

Miniaturized light injection cube for bright field OM illumination


1mm 1mm 

mica 

top view side view 

Weight (3.375mm3, 8.5mg + glue)  -  original cylinder sample holder (3.534mm3, 8.9mg) 

Casuso et al. Nature Communications, 2013, 4 (2155): DOI:10.1038/ncomms3155!



A Hybrid HS-AFM / OM Setup!

Lens cells : Bright field 

10µm 10µm 

2µm 

Bright field Cross-correlation 

2.5µm 2.5µm 

Ref 

2µm 

500nm 

E. coli : Fluorescence (GFP) E. coli : Bright field 

10µm 10µm 

Tip position definition & Tip placement on E coli cells 

Cantilever placement on molecules / cell / subarea of a cell based on fuorescence 
microscopy 

SEM of short cantilever 
and schematic 

representation of its 
geometry 

(6 x 2 x 0.1 µm) 

Short cantilever 

Bright field 
optical microscopy 

imaging 

Cross-correlation based 
tip position definition 

Fluorescence 
optical microscopy 

imaging 

Casuso et al. Nature Communications, 2013, 4 (2155): DOI:10.1038/ncomms3155!



A Hybrid HS-AFM / OM Setup!

Tip position definition & Tip placement on eye lens cells


Cantilever placement with <100nm precision on eye lens cells 

Lens cells : Fluorescence (FX4-64) Lens cells : Bright field 

10µm 10µm 

2µm 

Bright field Cross-correlation 

2.5µm 2.5µm 

Ref 

2µm 

500nm 

SEM of short cantilever 
and schematic 

representation of its 
geometry 

(6 x 2 x 0.1 µm) 

Short cantilever 

Bright field 
optical microscopy 

imaging 

Cross-correlation based 
tip position definition 

Fluorescence 
optical microscopy 

imaging 

Casuso et al. Nature Communications, 2013, 4 (2155): DOI:10.1038/ncomms3155!



A Hybrid HS-AFM / OM Setup!

First HS-AFM movies of unlabeled membrane proteins on a cell


Visualization of unlabeled AQP0 on lens cells 
HS-AFM images acquired in buffer solution and under ambient temperature and pressure 

20nm 

0.00s 0.97s 1.93s 2.90s 3.86s 4.83s 

300 x 300 pixels 
3.3 s/frame 

5 µm frame size 

Lens cells 

209 x 178 pixels 
960 ms/frame 

70 nm frame size 
slow but free 
diffusion of 

AQP0 arrays 

Casuso et al. Nature Communications, 2013, 4 (2155): DOI:10.1038/ncomms3155!



High-Speed Force Spectroscopy (HS-FS)!
!

Titin Unfolding At The Speed Of MD Simulations!

Science, 2013, 342 (6159): 741-743!



High-Speed Force Spectroscopy (HS-FS)!

Experiment and simulation


25ms 

250µs 

25µs 

pulling velocity: 1000 µm/s 

pulling velocity: 100 µm/s 

pulling velocity: 1 µm/s 

25nm 

30
0p

N
 

5 
µm

 
f0~1MHz (liquid) 

k~100 pN/nm 

f0~0.6 MHz piezo 

Au-coated 
support 

SLED 

objective 
20x 

photodiode 

short cantilever 

I91 

data read 
2MHz 

f0~1MHz  

cantilever: f0~1MHz ('average' oscillation snap back1µs) 
data read: 2MHz (one data point every 0.5µs) 

Raw data force curves 

Science, 2013, 342 (6159): 741-743!



25ms 

250µs 

25µs 

pulling velocity: 1000 µm/s 

pulling velocity: 100 µm/s 

pulling velocity: 1 µm/s 

Raw data force curves 

From force curves to force histograms to the dynamic force spectrum


Unfolding force histograms Dynamic force spectrum 

HS-FS bridges conventional FS to molecular dynamic simulations 

Science, 2013, 342 (6159): 741-743!

High-Speed Force Spectroscopy (HS-FS)!



The dynamic force spectrum is non-linear

Provides realistic kinetic values and

fitting to the Hummer & Szabo model  

Bell-Evans 

Spontaneous unfolding:    k0 = 2 x 10-10 s-1 
Transition barrier:               x‡ = 0.89 nm 
Molecular elasticity:           km = 376 pN/nm 
Unfolding barrier height:    ΔG‡ = 36.4 kBT 
Diffusion coefficient:          D = 4x103 nm2/s 

Transition barrier according to Bell-Evans model: x‡ = 0.25 nm 

Science, 2013, 342 (6159): 741-743!

High-Speed Force Spectroscopy (HS-FS)!



Cells!
High speed AFM measures 

mechanical regimes in cells 
never measured before!









​𝐻↓𝑠 = ​𝐻↓𝑡𝑜𝑡 (1−​(​𝑓/​𝑓↓𝑅  )↑2 )− ​𝐻↓𝑑  









Laboratoire d’Adhesion et Inflammation 

Ignacio 
Munguira 

Thank You ! !

Toshio Ando 
visiting Force 

microscopy 
division @ LAI 

https://labadhesioninflammation.org/


https://
sites.google.com/
view/fm4b-lab


Now with 
Wouter H. Roos 

Francesca 
Zuttion 
at work 

HINSTRA 
lock-in 


