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AFM in liquid
An important step of development, 
enabling biological AFM, was the 
development of a liquid cell in which 
cantilever, tip and sample are immersed in 
buffer solution.

In the case of  soft biological samples,non-destructive imaging at nanometer-resolution in 
physiological conditions (i.e. in aqueous buffer, at ambient temperature and pressure) 
requires the ability to control forces < 100 pN.
With a high optical lever sensitivity, one is able to control normal forces applied by the 

cantilever down to about 50 pN in liquid, enabling contact mode imaging
of biological samples. Although lateral scanning forces impose a restriction on the sample 
type to be imaged in contact mode, it has yielded fascinating insights into the 
organization of proteins in biological membranes





AFM in liquid

Main concern: electrical isolation of the piezo to avoid any shortcut due to wetting
For imaging in liquids: recommended to move the tip relative to the sample to minimize the 
added effective mass m* (only the tip and parts of the tip holder are immersed in the buffer 
container)

E= Young Modulus
ρ = density

A cantilever in thermodynamic equilibrium with the thermal bath at temperature T has a 
thermal energy kBT that increases the elastic energy stored in the cantilever, giving a thermal 
noise amplitude A which can be of the order of surface corrugation for k = 0.1 Nm-1 ( A = 0.2 
nm)



Operation modes in liquid
Contact Mode
Feedback set point chosen depending on exp. Conditions. Drawbacks: drift of free 
cantilever deflection photodiode signal; friction

Jumping Mode
Developed to minimize shear forces. At each pixel, a force-extension curve is 
perfomed. Accurate control of force; lateral motion performed out of contact. Not 
applicable in air due to capillary forces. Drawback: bit slow

Dynamic Mode
Tapping mode: AM-AFM mode. Linear decrease of amplitude with tip-sample distance 
due to interaction with the surface. Reduction of amplitude in the tapping region gives 
the force. Comparable results, in liquid, to jumping mode, but much faster.



JM is particularly suitable for scanning in liquids, where the low adhesion forces allow using 
small Z displacement at each point. Because of the oscillation damping in liquid in 
amplitude modulation modes (NC, Tapping), JM although slow can give better performance.
N.B.: Dynamic modes use as feedback the oscillation amplitude. JM the cantilever 
deflection! Like in contact mode…easier. Is like a CM with the fine tuning of the zero 
interaction force

Jumping mode or “peak force” AFM

HAdV has a 95 nm diameter icosahedral, non enveloped capsid enclosing a ds DNA genome 



Imaging of single virus particles on different surfaces

P.J. de Pablo / Seminars in Cell & Developmental Biology 73 
(2018) 199–208 201



Jumping mode  AFM

under the new JM procedure, HAdV particles can be scanned for a long time without 
significant damage. 





Balancing Electrostatic Forces
Main Forces in Liquid:
1) Van der Waals, globally attractive, short range.
2) Double layer forces: Repulsive, long range, dependent on pH and ionic strength. Due 
to ionic atmosphere over the surfaces of the tip and the surface. The 2 layers create 
the repulsive force.

Fine tuning of electrolyte concentration is always required to minimize the distance of 
tip-sample electrostatic interactions and achieve high-resolution.
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SPEED LIMITS OF AFM IMAGING



SPEED LIMITS OF AFM IMAGING





ATOMIC FORCE MICROSCOPY
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Examples



Video imaging by high-speed AFM has been applied to capture the dynamic
behaviour of myosin V (two headed motor that functions as cargo transporter in
cells) translocating along an acting filament. Moves hand-over-hand, 36 nm per
ATP hydrolysis

N. Kodera,  D. Yamamoto, R. Ishikawa, T. Ando Nature 468, 72 (2010) 

Myosine V walking on actin filaments

A positively charged lipid in the mixed 
lipid bilayer was necessary to assure 
weak interaction with Myosine and 
translocation along the actin filament



Myosine V walking on actin filaments

Each head of the double-headed myosin hydrolyzes ATP into ADP and inorganic phosphate 
(Pi). The ATPase rate is very low when myosin is alone but is markedly accelerated by its 
interaction with actin, where the chemical energy liberated by ATP hydrolysis is converted 
into mechanical work.



Myosine V walking on actin filaments
dx.doi.org/10.1021/cr4003837 | Chem. Rev. 2014, 114, 3120−3188

The nucleotide-free head tightly bound to actin detaches from the actin immediately 
after binding to ATP, quickly followed by hydrolysis of the bound ATP to ADP−Pi.
When the ADP−Pi bound head is attached to actin, the bound Pi dissociates from the 
head, which is followed by the formation of a strongly bound tertiary complex 
A−M−ADP (A and M denote actin and myosin, respectively) and then by ADP 
dissociation, completing one ATPase cycle. 
The main role of actin in the ATPase reaction is to accelerate the otherwise very slow Pi 
and ADP dissociation from a myosin head. 



Energy in the cell: ATP
In the cell reactions that require energy are associated with ATP hydrolysis
(hydrolysis= breaking down).  ATP hydrolysis is an exothermic reaction, and 
the energy generated can be used to drive a non-spontaneous reaction. 

ATP
ATP! ADP + P  
(DH = -30 kJ/mol)

ATP! AMP + PPi
(DH =-30 kJ/mol)

AMPADP

Energy production: accumulation of ATP

Energy consumption: breaking down (hydrolysis) of ATP ! ADP or AMP 

Adenosine Tri/Di/Mono phosphate 

phosphodiester 
bonds have a large 
energy of hydrolysis
(about 30 kJ/mol)



Myosine V walking on actin filaments

High-speed atomic force microscopy (HS-AFM), allow video-recording  the structure and 
dynamics of functioning biomolecules at single-nanometer resolution, without disturbing 
their function. It helped to discover that the tension responsible for forward movement can 
be generated without any chemical transition, meaning that no chemical energy input is 
required for the tension generation. Moreover, the lever-arm swing (powerstroke) by the 
leading head spontaneously occurs when the trailing head detaches, thus demonstrating 
that no chemical energy input is required for the lever-arm swing either. 

dx.doi.org/10.1021/cr4003837 | Chem. Rev. 2014, 114, 3120−3188
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N. Kodera,  D. Yamamoto, R. Ishikawa, T. Ando Nature 468, 72 (2010) 

Myosine V walking on actin filaments
AFM images demonstrate a hand-over-hand movement, with swinging lever-
arm motion : the detached T-head rotationally diffused around the advancing 
neck-neck junction. Extra STV needed as an “obstacle” to slow down the motion 
to be visualized (100 ms/frame)

http://biophys.w3.kanazawa-
u.ac.jp/M5_movies.htm



N. Kodera,  D. Yamamoto, R. Ishikawa, T. Ando Nature 468, 72 (2010) 

Myosine V walking on actin filaments

http://biophys.w3.kanazawa-
u.ac.jp/M5_movies.htm

The neck–motor domain junction appears smooth in the leading head (L-head) but 
is V-shaped in the trailing head (T-head) without exception. 
The short coiled coil tail was mostly tilted towards the minus end of actin 



N. Kodera,  D. Yamamoto, R. Ishikawa, T. Ando Nature 468, 72 (2010) 

Myosine V walking on actin filaments

http://biophys.w3.kanazawa-
u.ac.jp/M5_movies.htm

The neck–motor domain junction appears smooth in the leading head (L-head) but 
is V-shaped in the trailing head (T-head) without exception. 
The short coiled coil tail was mostly tilted towards the minus end of actin 



N. Kodera,  D. Yamamoto, R. Ishikawa, T. Ando Nature 468, 72 (2010) 

Myosine V walking on actin filaments
The average translocation velocity (V) as a function of ATP concentration
([ATP]) was well fitted by V=ds(1/k1[ATP] + 1/k2)-1, where
ds is the step size, k1 is the second-order ATP binding rate constant and
k2 is the first-order ADP dissociation rate constant

DPTAP: positively 
charged lipid to favor 
myosin V binding



N. Kodera,  D. Yamamoto, R. Ishikawa, T. Ando Nature 468, 72 (2010) 

Myosine V walking on actin filaments
After T-head detachment, the nearly straight leading neck swung from the
reverse arrowhead (R-ARH) orientation to the arrowhead (ARH) orientation 
(Supplementary Movie 2), confirming the swinging lever-arm motion initially 
proposed for muscle myosin. The detached T-head rotationally diffused around 
the advancing neck–neck junction (no translational diffusion on the actin occurs) 
and then bound to a forward site on the actin filament, completing one step.

The captured images show that the
forward movement is driven not by 
bending but by rotation of the
L-head. The rotation seems to occur 
spontaneously after T-head
detachment, suggesting that 
intramolecular tension driving the
L-head swing exists in the two-
headed bound molecules.



In dynamic HS-AFM the molecule itself is 
visualized while working and moving on its 
biological track, providing concomitant 
structural and dynamic data: not only did the 
observation confirm the hand-over-hand 
walking mechanism of myosin-V, it did reveal 
that the power stroke of this motor is driven 
by intramolecular mechanical tension

N. Kodera,  D. Yamamoto, R. Ishikawa, T. Ando Nature 468, 72 (2010) 

Myosine V walking on actin filaments



Single molecule imaging



l. Mangiarotti, S. Cellai, W. Ross, C. Bustamante, C. Rivetti, L. Mol. Biol. 385, 748 (2009) 

Also, high-resolution AFM imaging has been recently employed to
study topological details of DNA/RNA – enzymes interaction. For
example, the upstream interaction of Escherichia coli RNA
polymerase (RNAP) in an open promoter complex (RPo) formed at
the PR and PRM promoters of
bacteriophage λ.

HR-AFM imaging: DNA
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DNA

Watson and Crick, 1953

April 1953

Leung et al., Nanoletters 2012





C. Leung, B.W. Hoogenboom



Courtesy of C. Rivetti





Courtesy of C. Rivetti



Courtesy of C. Rivetti



Courtesy of Prof. C. Bustamante



Courtesy of Prof. C. Bustamante



Courtesy of Prof. C. Bustamante

Valid if:



we divide space up into a bunch of small boxes, large 
enough to include many molecules, but small 
enough so that the density is nearly uniform over 
the scale of the box. 
We use the notation c(r,t) to signify the 
concentration in a box centered at position r in 
three-dimensional space (with units of number of 
particles per unit volume) and c(x,t) to signify the 
concentration field in one-dimensional problems 
(with units of number of particles per unit length).

Diffusive dynamics

”Concentration gradient” is a spatial variation 
in the concentration field. 

simple concentration profile where on the left-
hand side of the domain of interest, the 
concentration of the molecule of interest is 
high, while on the right-hand side of the 
domain of interest, the concentration is low

Phillips, Rob; Kondev, Jane; Theriot, Julie; Garcia, Hernan. Physical Biology of the Cell (Page 516). CRC Press. 



The other key quantity of interest for our 
macroscopic description of diffusion is the flux. 

Flux can be seen as the net number of molecules 
that cross area A per unit time. That is the 
component of the flux vector in that direction. 

In three dimensions, the flux is actually a vector 
whose components give the flux across planes 
that are perpendicular to the x-, y-, and z 
directions. 

The goal of our thinking is to determine what 
amounts to an “equation of motion” that tells 
how the concentration field changes in both 
space and time. 

Diffusive dynamics



Diffusive dynamics

in one dimension, flux is linearly related to concentration gradient:

J = current density, number of particles crossing unit area/ unit time
D = diffusion coefficient 

[D] = length2/time, indipendent on dimensionality of space!

(13.1)
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Isotropic rod continuously flexible. 
The worm-like chain model is 
particularly suited for describing stiffer 
polymers, with successive segments 
displaying a sort of cooperativity: 
all pointing in roughly the same 
direction

at T=0 K, the polymer adopts a rigid rod conformation
Is smoothly curved at RT



WLC is for semi-flexible polymers.
Assumes polymers are inextensible, has a linear elastic bending energy and is 
subjected to thermal fluctuations.

a) L=Nl segments, freely rotating

Adding energy cost associated to the bending:



WLC is for semi-flexible polymers.
Assumes polymers are inextensible, has a linear elastic bending energy and is 
subjected to thermal fluctuations.
a) L=Nl segments, freely rotating
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