
High Res/High Speed

AFM



DNA

Leung et al., Nanoletters 2012

Proteins

Cells

Courtesy of Carvalho F.

AFM in Biology





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
 Ã = 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)





AFM intermittent contact imaging mode

The tip touches the surface only for a short 

time, thus avoiding the issue of lateral forces 

and drag across the surface

The cantilever is oscillated at or near its 

resonance frequency normal to the sample 

surface. Typical amplitudes of oscillation are 

in the range of tens of nanometers, and 

thus very small compared to the cantilever 

length.



AFM intermittent contact imaging mode

We are not measuring a direct force in TappingMode. 

When the probe approaches the sample, it experiences an attractive force and is pulled 

toward the surface until contact is made. From that point on, the repulsive interaction forces 

dominate the response. The probe can then be retracted and additional information can be 

extracted from that trace. 

The TappingMode AFM, while experiencing these interactions, does not actually measure this 

force curve, nor the direct forces between the tip and the sample for that matter. 
AFM oscillates back and forth on this curve, interacting without being in direct control of 

the force, and reporting only an average response of many interactions though the lock-

in amplifier. 

One can certainly measure the reduction of 

cantilever amplitude as tip and sample approach 

each other, but it must be understood that each 

point on that curve represents an average value 

and not a single interaction. This restricts 

information beyond sample topography.



AFM intermittent contact imaging mode

Then, the adjustment of the feedback system is essential to achieving reliable information 

from the AFM. 

It is easier to control a contact mode scan when compared to a TappingMode scan due to 

the added complexity of the oscillating system.TappingMode operates at cantilever resonant 

frequency, where the cantilever dynamics are relatively complicated. The cantilever dynamics 

can be dramatically changed by changing the amplitude set-point, while the tapping dynamics 

depend strongly on the sample properties. 

TappingMode does however offer the undeniable benefit of lateral force free imaging, which 

has made it the dominant imaging mode in AFM to date.



AFM intermittent contact imaging mode

Movement of the cantiliver described as damped harmonic oscillator model:

The quality factor “Q” of the system is the ratio of the energy stored in the system divided by the 

energy loss per cycle. For a lightly damped system, Q= Ë0 Ç. The maximum amplitude at resonance 

then becomes: Ar = A0 Q.













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.



Atomic force microscopy of single virus 

shells

A. Ortega-Esteban,&J. Gomez-Herrero, Ultramicroscopy 114 (2012) 56-61

F. Moreno-Madrid, &Pedro J. de Pablo, Biochemical Society Transactions (2017) 45 4993511



Imaging of soft biological specimens method of choice  extremely depend on the kind 

of sample. 

Contact mode is adequate for scanning two dimensional protein crystals, such as 

purple membrane which can stand the high lateral forces exerted by the tip.

Conversely, individual weakly adsorbed biomolecules, such as small viruses, are prone 

to undesired modifications by lateral forces since they are not held and surrounded by 

a neighborhood

Imaging of single soft objects in liquid: 

jumping mode  AFM

human adenovirus (HAdV) 



High resolution in dynamic mode requires a good control of the cantilever free 

oscillation, which is difficult on liquid, where the cantilever oscillation is the 

convolution of cantilever resonance and the mechanical resonance of the fluid cell 

(<forest of peaks=). As the liquid in the fluid cell changes shape, volume and 

composition throughout an experiment, these resonances shift, changing the tip-

sample applied force.

      New imaging modes needed!

Imaging of single soft objects in liquid: 

jumping mode  AFM



Jumping-mode AFM: quick F-Z scan at each point of the scanned area, moving laterally the 

tip at the farthest tip-sample distance to minimize lateral forces.

In order to reduce piezoelectric resonances, 

the F-Z is performed using a sinusoidal 

voltage wave al low frequency (few kHz, i.e. 

thousands F-Z curves per second) that is 

applied to the scanning piezoelectric.

When the AFM probe is brought

into contact with the sample 

surface, the tip-sample

interaction is controlled by 

maintaining the maximum 

force, or <peak force,= between 

the tip and the sample constant

Jumping mode or <peak force=  AFM



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 



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 
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N.B.: Dynamic modes use as feedback the oscillation amplitude. JM the cantilever 
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Jumping mode  AFM

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

significant damage. 



Jumping mode  AFM

Bacteriophage T7 has an 

icosahedral capsid around 

51nm diameter, with a triangu 

lation number T=7, and a non-

contractile tail.  The shell is 

made of 415 copies of the 

gp10protein that encloses a 

dsDNA 40 kb in size.



Imaging of single virus particles on different surfaces

P.J. de Pablo / Seminars in Cell & Developmental Biology 73 

(2018) 1993208 201





The 

subtraction of 

sample from 

substrate 

curves allows 

isolating the 

deformation 

of the cage 

(Figure 6D )

Stiffness or spring constant: obtained by fitting the elastic part from 0 to 8 nm (k  = 0.18 N/m); 

breaking or yield force: force value when the elastic regime f nishes at 8 nm (Fb  = 1.4 nN), 

critical indentation ·c :deformation of the virus when it breaks (8 nm). 

Thin shell theory relates the protein shell stiffness with the Young9 s modulus as k  Et2=R , where 

t  is the thickness of the shell and R  is its radius

Nanoindentation

P.J. de Pablo / Seminars in Cell & Developmental Biology 73 

(2018) 1993208 201



The area enclosed between forward and backward curves from indentation 0 up to 8 nm is the 

energy used to break the cage. In this case, it is about 8.8 nm x nN, i.e. 8.8 x 10218  J or 2141kBT , 

which approaches the order of magnitude of the total energy for assembling all the proteins

The precise control of nanoindentation permits access to the inner cargo of protein cages. For 

instance, the consecutive application of nanoindentaion cycles in human adenovirus cracks 

open the shell in a controlled fashion to probe the mechanical properties of the core. These 

mechanical properties are related with the condensation state of dsDNA.





Imaging of single virus particles on different surfaces

P.J. de Pablo / Seminars in Cell & Developmental Biology 73 

(2018) 1993208 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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ATOMIC FORCE MICROSCOPY
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Single molecule imaging 1



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 3 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 ».

HR-AFM imaging: DNA



Courtesy of Prof. C. Rivetti





DNA

Watson and Crick, 1953

April 1953

Leung et al., Nanoletters 2012





C. Leung, B.W. Hoogenboom
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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)



Courtesy of Prof. C. Bustamante

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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Single molecule imaging 1



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



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

Using single-molecule fluorescence microscopy and optical-trap nanometry it has 

been shown that M5 moves along actin filaments toward the plus end in a “hand-

over-hand” manner, advancing 36 nm per ATP hydrolysis cycle. 

The 36 nm stride corresponds to a half pitch of the right-handed, double-helical 

structure of an actin filament, and, therefore, M5 moves approximately on a plane.

The mechanism underlying the alternate steps was suggested to arise from 

asymmetric kinetics of ADP dissociation from the two heads; ADP dissociation at 

the trailing head is more accelerated than at the leading head and/or ADP 

dissociation at the leading head is decelerated. 



Myosine V walking on actin filaments

Using single-molecule fluorescence microscopy and optical-trap nanometry it has 

been shown that M5 moves along actin filaments toward the plus end in a “hand-

over-hand” manner, advancing 36 nm per ATP hydrolysis cycle. 

The 36 nm stride corresponds to a half pitch of the right-handed, double-helical 

structure of an actin filament, and, therefore, M5 moves approximately on a plane.

However, despite numerous and extensive studies, the heart of the motor 

mechanism, that is, how the tension for the forward step is generated in the 

molecule, coupled with the ATPase reaction, and how the energy liberated by ATP 

hydrolysis is used, has remained elusive.

Actin binding and 

ATP binding sites 

are interacting



Myosine V walking on actin filaments
dx.doi.org/10.1021/cr4003837 | Chem. Rev. 2014, 114, 312023188

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 ADP2Pi.

When the ADP2Pi 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 

A2M2ADP (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. 

A myosin head has 

two states

with respect to 

actin binding, i.e. 

weak (ADP-Pi) and 

strong (nucleotide-

free) bound states.



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 ñ ADP + P  

(DH = -30 kJ/mol)

ATP ñ AMP + PPi  

(DH =-30 kJ/mol)

AMPADP

Energy production: accumulation of ATP

Energy consumption: breaking down (hydrolysis) of ATP ñ 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
dx.doi.org/10.1021/cr4003837 | Chem. Rev. 2014, 114, 312023188

The key idea in the prevailing view on the chemo-mechanical coupling in 

myosin motility, which has been mainly derived from muscle myosin 

studies, is that the myosin head is supposed to take two different 

conformations, prestroke and poststroke conformations corresponding to 

different angles between the motor domain and the neck domain (often 

called <lever-arm=), depending on the nucleotide states



86



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, 312023188



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



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

Myosine V walking on actin filaments

Streptavidin is a homo tetramer with dihedral D2 

symmetry. Importantly, it is not favorable to nonspecific 

binding of many proteins, while each subunit has a high 

affinity biotin binding site. Streptavidin 2D crystals are 

easily formed onmthe surface of a fluid SLB containing 

biotin-lipid. 

On the SLBs, two of the four biotin 

binding sites of streptavidin face the 

lipid bilayer and are occupied by biotin, 

whereas the other two are exposed to the 

aqueous environment and accessible. 

Therefore, biotinylated samples can be 

specifically immobilized on the surface 

of streptavidin 2D crystals



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

dx.doi.org/10.1021/cr4003837 | Chem. Rev. 2014, 114, 312023188

Myosine V walking on actin filaments



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 neck3motor 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 neck3motor 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

After T-head detachment, the nearly straight leading neck swung from the

reverse arrowhead (R-ARH) orientation to the arrowhead (ARH) orientation 

confirming the swinging lever-arm motion initially proposed for muscle myosin. 

The detached T-head rotationally diffused around the advancing neck3neck 

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.



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

Myosine V walking on actin filaments

Moreover, it was observed that the leading head of the two-headed bound M5-

HMM was often sharply bent in the nucleotide-free condition while it was mostly 

straight in ADP and ATP.  Therefore, just by looking at the shape of the leading 

head, we can judge whether or not the leading head contains nucleotides. ADP 

dissociation rate constant at the leading head is 0.1 s-1. This means that ADP is 

released from the leading head every 10 s, on average. M5-HMM walks many

steps for 10 s. Thus, we can conclude that during walking ADP does not dissociate 

from the leading head. ADP dissociation, and the subsequent ATP binding,

and the resulting detachment from actin solely occurs at the trailing head. 

Just before foot stomping at the leading head, the head never showed the sharply bent 

conformation which is unique to the nucleotide-free leading head. This fact reinforces 

our conclusion that the leading head performing foot stomp carries ADP and thus the 

brief detachment from actin (i.e. the initial stage of foot stomp process) is not caused 

by binding of new ATP to the leading head.



Polymeric fibers: cytoskeleton

Weak, non covalent interactions

More filaments bind together



Actin filaments



Individual actin filaments are quite flexible. The stiffness of a 

filament can be  characterized by its persistence length, the 

minimum filament length at which random thermal fluctuations 

are likely to cause it to bend. The persistence length  of an actin 

filament is only a few tens of micrometers. In a living cell, 

accessory proteins bundle filament together4more rigid

Alberts, Bruce; Johnson, Alexander; Lewis, Julian; Morgan, David; Raff, Martin; Roberts, Keith; 

Walter, Peter. Molecular Biology of the Cell (p. 898). W. W. Norton & Company. Kindle Edition. 





Actin filament dynamics:

actin can catalyze the hydrolysis of the nucleoside triphosphate ATP. For  

free actin subunits, this hydrolysis proceeds very slowly; 

however, it is accelerated when the subunits are incorporated into 

filaments. 

Shortly after ATP hydrolysis occurs, the free phosphate group is released 

from each subunit, but the ADP  remains trapped in the filament 

structure. 

Thus, two different types of filament  structures can exist, one with the <T 

form= of the nucleotide bound (ATP), and one  with the <D form= bound 

(ADP).  When the nucleotide is hydrolyzed, much of the free energy 

released by cleavage of the phosphate3phosphate bond is stored in the 

polymer. This makes the  free-energy change for dissociation of a subunit 

from the D-form polymer more  negative than the free-energy change for 

dissociation of a subunit from the T-form  polymer. Consequently, the 

ratio of k off/k on for the D-form polymer, which is  numerically equal to 

its critical concentration [Cc(D)], is larger than the corresponding ratio for 

the T-form polymer. Thus, Cc(D) is greater than Cc(T). At certain 

concentrations of free subunits, D-form polymers will therefore shrink 

while  T-form polymers grow.  



Intermidiate filaments



Microtubules


