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Nanotechnologies in Biology: AFM
The importance of the development of Atomic Force Microscopy in 
biology is comparable to that of EM and Optical Microscopy. 
Its major advantage is that it can produce high-resolution topographic 
images of biomolecules/cells in aqueous and physiologically relevant 
environments without the need of staining or labeling. 
High-resolution AFM has been applied to the imaging of bacterial
membrane proteins, deriving the free energy landscape for domains 
within single protein molecules.

S. Scheuring, D. Muller, H. Stalhberg, H.-A. Engel, A. Engel, Eur. Biophys. J. 31, 172 (2002) 



AFM 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. Here is 
an example  of 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.



Single Molecule Detection
Force spectroscopy techniques ( AFM, optical tweezers) exert and/or 
quantify forces to allow manipulation and characterization of the 
mechanical properties, functional state, conformations and interactions 
of biological systems to molecular resolution.



Force spectroscopy techniques ( AFM, optical tweezers) exert and/or 
quantify forces to allow manipulation and characterization of the 
mechanical properties, functional state, conformations and interactions 
of biological systems to molecular resolution.

Intramolecular thiol-disulfide switching and its role in 
protein folding (J. Fernandez) Folding cooperativity and chain topology (C. Bustamante)

Single Molecule Detection



Atomic Force Microscopy

AFM does not rely on EM radiation to create an image.
It is a mechanical imaging instrument that derives the 3-D profile (topography) 
and the physical properties of a surface by measuring the INTERACTION 
FORCES with a scanning, nanometer sized probe.

Unique characteristics:

1. built-in atomic scale 
sensitivity

2. precise motion 
control technology

3. fabrication 
technology 
(nanolithography)



High-resolution AFM has been applied to the imaging of bacterial membrane 
proteins, deriving the free energy landscape for domains within single protein 
molecules.
AFM is complementary to X-ray and electron crystallography.

S. Scheuring, D. Muller, H. Stalhberg, H.-A. Engel, A. Engel, Eur. Biophys. J. 31, 172 (2002) 

Imaging resolution in cell membranes: 10 nm
Imaging resolution in supported cell membranes: better than 1 nm (no fixing, labeling, 
Staining, room T, buffer solution)

Atomic Force Microscopy





Scanning Probe Microscopes (AFM, STM..)

1981: Scanning Tunneling Microscope (STM, Binning and Rohrer)
1986: Nobel Prize in Physics
1986: Atomic Force Microscopy introduced (Binning, Quate, Gerber)

Both use feedback loop to keep a set point (tunneling current, force) 
constant

Unique characteristics:

1. built-in atomic scale 
sensitivity

2. precise motion 
control technology

3. fabrication 
technology



attenuation coefficient in metals

Scanning Tunneling Microscopy

CONDUCTIVE SURFACE

average work function ϕ *

probability of electron tunneling
 (transmission coefficient)
A = amplitude of electron wave function



If a potential difference V is applied to the tunnel contact, a tunneling current appears.

Scanning Tunneling Microscopy

For typical values of the work function

the attenuation coefficient k is about 2 Å-1

ϕ ~ 4 eV

when ΔZ changes of about 1 Å, the current value varies of one order of magnitude!



Scanning Tunneling Microscopy

when ΔZ changes of about 1 Å, the current value varies of one order of magnitude!

Courtesy of C. Africh



Scanning Tunneling Microscopy

Courtesy of C. Africh

Surf. Sci. 1985. V. 164. P. 367. 7x7 rec. reduces dangling bonds from 49 to 19









Detecting deflection



AFM is a mechanical imaging instrument that derives the 3-D profile (topography) 
and the physical properties of a surface by measuring the INTERACTION 
FORCES with a scanning, nanometer sized probe.

Atomic Force Microscopy





Atomic Force Microscopy

Topographic image of the sample obtained by: 
•plotting the deflection of the cantilever versus scanner x,y position (seldom);
•plotting the height position of the translation stage versus versus scanner x,y 
position.
Image contrast arises because the force between the tip and sample is a function 
of both tip–sample separation and the material properties of tip and sample.



Height position of the z-scanner is 
controlled by a feedback loop



Key element of the feedback system:
piezoscanner

Tripods : strongly asymmetic

Single tube scanner

The polarization vector 
(ceramic) is radially directed

The external electrode is 
divided by cylinder
generatrixes into four 
sections: 3D scanning



F= kd 
K= cantilever elastic constant



Intermolecular interactions probed by AFM







Intermolecular interactions probed by AFM



Intermolecular interactions probed by AFM

np,s (r’,r) are the densities of atoms in tip and sample



AFM: the deflection detection system



AFM: the deflection detection system

Normal forces:

Lateral forces:

With            used as input to 
the feedback loop

The feedback system (FS) keeps ΔIZ = const with the 
help of a piezoelectric transducer (scanner), which 
controls the tip-sample distance in order to make the 
bending ΔZ equal to the value ΔZ0 preset by the 
operator.



AFM: the deflection detection system

is used as input to the feedback loop

The feedback system (FS) keeps ΔIZ = const with the help of a piezoelectric 
transducer (scanner), which controls the tip-sample distance in order to 
make the bending ΔZ equal to the value ΔZ0 preset by the operator.



Cantilever

Laser

Z scanner

Feed back
controller

When the tip meets a step 
the controller retracts the 
cantilever until the Deflection 
Error is again zero

Scanning Microscopy in Contact Mode
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The Movement of the z-scanner is 
recorded as the Topographic Signal

Cantilever

Laser

Z scanner

Feed back
controllerΔz

Scanning Microscopy in Contact Mode
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AFM probes

The curvature radius of AFM tip apex is of the 
order of 1 ÷ 50 nanometers, depending on the 
type and on the technology of manufacturing.

 The angle near the tip apex is 10 ÷ 20º. 

The interaction force F of a tip with the surface can be estimated from the Hooke law:

where k is the cantilever elastic constant; ΔZ is the tip displacement corresponding to 
the bending produced by the interaction with the surface. The k values vary in the range 
10-3 ÷ 10 N/m depending on the cantilever material and geometry.



AFM probes

E= Young Modulus
 ρ = density

A good cantilever should have a high sensitivity. 
High sensitivity in Zc is achieved with low spring 
constants or low ratio tc/L.

Typical E value: 1.5 x 1011 N m-2 in silicon nitride



AFM probes

E= Young Modulus
 ρ = density

A good cantilever should have a high sensitivity. 
High sensitivity in Zc is achieved with low spring 
constants or low ratio tc/L.

External vibrations, such as vibrations of the 
building, the table, or noise, which are usually in 
the low frequency regime, are less transmitted 
to the cantilever when its frequency is high ---- 
t/l2 should then be high!

A high resonance frequency is also important to 
be able to scan fast ---- the resonance frequency 
limits the time resolution

Typical E value: 1.5 x 1011 N m-2 in silicon nitride



AFM probes

Hence, the optimal design of a cantilever is a compromise between different factors. 
Depending on the application the appropriate dimensions and materials are chosen. 
Cantilevers for AFM AC modes are usually V shaped to increase their lateral stiffness. 

They are typically L = 100–200 μm long, each arm is about
W=40 μm wide and tc = 0.5–1 μm thick. Typical resonance frequencies are 20–200 
kHz in air.
Cantilever for fast imaging are shorter L = 10 μm, thin tc = 0.2–0.3 μm and have 
resonances of 2 MHz



AFM probes

The curvature radius of AFM tip apex is of the 
order of 1 ÷ 50 nanometers, depending on the 
type and on the technology of manufacturing.

 The angle near the tip apex is 10 ÷ 20º. 

The cantilever resonant frequency is important during AFM operation in oscillating modes. 
Self frequencies of cantilever oscillations are determined by the following formula:

l cantilever length; E Young’s modulus; 
J inertia moment of the cantilever cross-section; 
ρ the material density; S the cross section; 
λi a numerical coefficient (1÷100), depending on 
oscillations mode.

Frequencies are usually in the 10÷1000 
kHz range. The quality factor Q of
cantilevers mainly depends on the media in 
which they operate. Typical values of Q in 
vacuum are 103 – 104. In air drops to 300 – 
500, in a liquid it falls down to 10 – 100.



AFM probes

CNT tip





AFM probes



AFM probes

SEE NANO WORLD SLIDES



R. Reifenberger, Nanohub.org





AFM imaging modes
 Contact Mode:
d < 5 Å
e--e- repulsive forces- 10-9-10-6 N
Atomic resolution
Problems: frictional forces, capillary forces

 

 
 Non-Contact Mode:
d = 10÷100 Å
Actractive forces - ~10-12 N
Soft, elestic materials

 

Tapping Mode:

d = 5÷20 Å
Intermitting contact
Big scanning areas, no friction



AFM contact imaging mode

tip-sample gap G = Z-D. 

D deflection of the free end of the 
lever due to tip-sample interactions. 

G directly proportional to the applied
force action on the cantilever.

With that setup, the lever motion becomes proportional to the movement of the laser 
beam on the split photodetector amplified by B = 3s/l, with s being the distance between 
the cantilever and photodetector, and l the cantilever length.

By increasing the distance, the spot size of the beam on the detector also increases, in turn 
making the actual sensitivity of the system independent of l and proportional to 1/s



AFM in contact: force distance curve

A basic AFM operation, which helps explain contact mode, is the force-distance curve. No 
feedback in z!!!!
Here the cantilever is brought from a location above the surface but within the range of the 
z-piezo (Z < Z piezorange) toward the surface until the tip contacts the surface. Any further 
movement of the z-piezo toward the sample surface will result in an upward deflection of 
the lever and/or sample deformation. The z-scanner position is commonly generated by a 
triangular waveform applied to the z-piezo.



AFM in contact: force distance curve

Points 2 and 4 describe two important occurrences in a loading curve. These are the 
points where the tip-sample interaction force is not balanced by the restoring force of 
the cantilever, i.e., dF/dx > k at point 2. 
Setpoint denotes the deflection value used for the 
z-feedback.

Force curves in 
themselves can 
reveal a variety of 
sample properties, 
such as adhesion and 
compliance



Force-distance curves



Force-distance curves
equilibrium positions





If the force gradient is 
larger than the effective 
elastic constant, the 
cantilever becomes 
unstable and
"jumps" onto the surface.



Force-distance curves
cantilever instabilities

If the force gradient is 
larger than the effective 
elastic constant, the 
cantilever becomes 
unstable and
"jumps" onto the surface.









Force-distance curves
F-d F-z conversion







AFM in contact: force distance curve

Contact mode imaging is carried by simply keeping the setpoint (point 3 in the force 
curve diagram) constant while raster scanning the tip and sample relative to each other. 
The movement of the z-piezo then becomes the sample topography that is plotted as 
a function of xy.  
The feedback loop has to be fast enough to allow the z-piezo to respond to changes in 
sample topography but slow enough to avoid oscillations of the system

Force curves in 
themselves can 
reveal a variety of 
sample properties, 
such as adhesion and 
compliance



AFM in contact: force distance curve

Force curves in 
themselves can 
reveal a variety of 
sample properties, 
such as adhesion and 
compliance

Even though reasonably easy to operate, contact mode has the inherent 
drawback that lateral force exerted on the sample can be quite high. This can 
result in sample damage or the movement of relatively loosely attached objects. 
A solution to that problem was to oscillate the cantilever during imaging, which 
led to intermittent contact Imaging (or tapping mode).



Contact mode AFM
•Useful for scanning non deforming 
 materials
•“Soft” (low force constant) cantilevers 
 are more sensitive
•Applicable for operation in liquids 
 without complication

Problems:

1) Frictional forces
2) Water mesiscus in air :  adhesion forces
3) Dragging forces, important for biological samples which are usually loosely bound and easily 
damageable



AFM Contact mode-associated imaging modes

Friction:
The cantilever bends laterally due to a friction force 
between the tip and the sample surfaces.

Adhesion: 
at ambient conditions, in addition to the intrinsic
adhesion between tip and sample, there is another one
from the capillary neck condensing between the tip and
water meniscus. interference from the humidity.



Water meniscus



Lateral Force Microscopy
  sample friction

Differences between lateral forces caused by friction and the ones
caused by topographic features of the scanned surface. (Left) Mirroring
of lateral deflection due to frictional forces. (Right) No mirroring with
topographically induced lateral deflection. All forward scan traces are in
blue, backward scan traces in red.



Contact mode AFM

Ricapitulating: lateral dissipation can be a huge problem 
for biological samples: 

• damage induced 
• molecular dragging (single molecules)



Dynamic AFM: basics

In AC mode AFM, the cantilever is
excited into resonance oscillation
with a piezoelectric driver.
Change in the interaction causes a
shift in the operational frequency
and hence a change in the
measured amplitude of oscillation.

Frequency or amplitude are used as feedback parameter



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

Typical Tapping Mode operation is carried out using amplitude modulation detection with 
a lock-in amplifier. This means a frequency close to the cantilever resonance is selected, 
and the tip-sample spacing is changed to maintain a constant cantilever amplitude 
without changing the drive frequency. Similar to contact mode, the movement of the z-
piezo when plotted as a function of xy becomes our sample topography.



Dynamic AFM: basics

The dynamics of a freely oscillating cantilever can be modelled by using a
damped simple harmonic oscillator

𝑚 is the effective mass, 𝜔0 is the mechanical resonance frequency, 
𝑧 is the tip deviation from the equilibrium position (𝑧0)
viscous damping coefficient is 𝑚𝜔0⁄𝑄 defined the energy lost per oscillation
quality factor, 𝑄, is a measure of how fast the cantilever responds to perturbation
𝑄 is defined as the full width at half maximum of the resonance peak and in practical terms, it 
determines the cantilever bandwidth, 𝜔0⁄2𝑄. It is the ratio of the energy stored in the system 
divided by the energy loss per cycle. For a lightly damped system, Q= ω0 τ. The maximum 
amplitude at resonance then becomes: Ar = A0 Q.

The external forces 𝐹(𝑧, 𝑡) are composed of the time-dependent excitation force, 𝐹𝑒𝑥𝑐 , and 
the distance-dependent tip sample force, 𝐹𝑡𝑠.



Dynamic AFM: basics
The sinusoidal excitation of the actuator induces cantilever oscillations and the time
dependent tip-sample separation is 𝑧(𝑡):

where A(ω) is the frequency dependent oscillation amplitude
φ is the phase shift between the driving voltage on the actuator and the resultant cantilever 
oscillation. 
The following expressions for the oscillation amplitude A(ω) and phase φ(ω) are given by:



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= ω0 τ. The maximum amplitude at resonance 
then becomes: Ar = A0 Q.



Dynamic AFM: basics
In intermittent contact mode, also called tapping mode or amplitude modulation (AM) mode, 
the cantilever is excited to oscillate at or near its first resonance frequency. The excitation
frequency is fixed at a constant value. The oscillating tip interacts with the sample surface at its 
bottom swing (about 10% of the oscillation cycle), by which the oscillation amplitude is reduced.

Amplitude reduction: dissipation; shift of the frequency due to interaction with the sample



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.



Peak force tapping mode

PeakForce Tapping operates similarly to 
TappingMode. 

However it operates in a non-resonant mode. 
The PeakForce Tapping oscillation is performed 
at frequencies well below the cantilever 
resonance, thus avoiding the filtering effect and 
dynamics of a resonating system.

In PeakForce Tapping, we now have an oscillating 
system that combines the benefits of contact 
and TappingMode imaging: direct force control 
and avoidance of damaging lateral forces. 

The differences to a conventional force curve 
are that the z-position is modulated by a sine 
wave and not a triangular one, thus avoiding 
unwanted resonances at the turnaround points.



Peak force tapping mode

A triggering at the peak force and an 
algorithm to extract the force curves from 
even noisy backgrounds complete the package. 

The top curve represents tip trajectory as it 
approaches the sample. Depicted underneath 
are plots of deflection (or force) as a function 
of time and z-position, respectively. 
As the tip approaches the sample surface, it 
will experience long-range van der Waals 
attraction until dF/dx > k, causing the 
cantilever to jump into contact with the 
sample. After contact, the short range 
repulsive forces dominate the interaction, 
leading to the peak point at the approaching 
curve. When the tip begins to unload it goes 
through an adhesion minimum, and finally 
becomes free.

1 micron scan of DNA origami in buffer

The feedback algorithm recognized the local peak 
force even though the setpoint is below the 
baseline, i.e. at very low forces, crucial for 
obtaining high-resolution data on soft samples.



Force distance curve for system calibration

To convert the vertical axis from the photodetector output in volts to units of force, 
the system must be calibrated.
The first step is to calibrate the photodetector output to the actual cantilever 
displacement, commonly referred to as “deflection sensitivity.” 
That step is simply carried out on a hard sample with the assumption that the tip-
sample gap is zero (G=0). The vertical axis now has the units of length.
The second step is the determination of the cantilever spring constant. For that
Force-distance curves are measured,





Courtesy of Iwan Schaap
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Other AFM Imaging Modes



AC mode: phase imaging

Phase imaging monitors the phase lag between the
signal that drives the cantilever to oscillate and the
cantilever oscillation output signal. Phase detection
images can be produced while an instrument is
operating in any vibrating cantilever mode.

Phase imaging is used to map variations in
surface properties such as elasticity, adhesion
and friction, which all may cause the phase lag.
The phase lag is monitored while the
topographic image is being taken so that
images of topography and material properties
can be collected simultaneously -> direct
correlation between surface properties and
topographies.



Force Modulation Microscopy
  sample elastic properties

In FMM mode, the tip is scanned in contact
with the sample, and the z feedback loop
maintains a constant cantilever deflection (as
for constant-force mode AFM).

• A periodic vertical oscillation signal is
applied to either the tip or the sample. The
amplitude of cantilever modulation that
results from this applied signal varies
according to the elastic properties of the
sample.

• From the changes in the amplitude of
cantilever modulation, the system generates a
force modulation image à a map of the
sample's elastic properties.



AC mode: phase imaging

In many cases, phase imaging complements lateral force
microscopy (LFM), and force modulation microscopy
(FMM), often providing additional information more
rapidly and with higher resolution.
Phase imaging is as fast and easy to use as Tapping-
Mode AFM -> with all its benefits for imaging soft,
adhesive, easily damaged or loosely bound samples.

APPLICATIONS:

- Identification of contaminants; 
- Mapping of different components in composite 

materials;
- Differentiating regions of high and low surface

adhesion or hardness;
- Mapping of electrical and magnetic properties

with wide-ranging implications in data storage
and semiconductor industries.



Error imaging
In almost all operating modes, a feedback circuit is connected to the deflection sensor
and attempts to keep the tip–sample interaction constant by controlling the tip–sample
distance. This protects both the tip and the sample. In practice however feedback is
never perfect, and there is always some delay between measuring a change from the
setpoint and restoring it by adjusting the scanning height.

In tapping mode for example this can be
measured by the difference between the
instantaneous amplitude of oscillation and
the amplitude setpoint. This is known as the
amplitude error signal, and highlights
changes in surface height.

PARAMETERS AFFECTINGTHE IMAGING:
- Setpoint
- Feedback gains
- Scan rate



Resolution and artifacts

The width w of an object is the convolution between tip and object size



Resolution and artifacts

Vertical resolution can be defined as a minimum controllable height change and it is 
dominated by the noise in the imaging signal
Lateral resolution is defined as the minimum separation d for which the dimple height Δz is 
higher than the noise

Flatter surface and sharper tips give higher lateral resolution (if sample and tip 
deformation are negligible).
In case of sample deformation, the surface-tip contact area limits the resolution. The 
lower the force in contact mode, the higher the resolution.



Resolution and artifacts

Thermal noise in contact mode AFM

Thermal noise in AC mode AFM

f0 = resonant frequency
B = detection bandwidth 
K = elastic constant
Q= quality factor,
T = temperature 

Cantilever with higher spring constant and resonant frequency has lower thermal noise

B=1 kHz, f0= 318 kHz, k=28 N/m, Q=400 give 0.015 nm thermal noise at RT



These vibrations may be transmitted through the floor, for example from footsteps or
the use of a lift. These can be minimised by the use of a vibrational isolation table, and
locating the AFM on a ground floor or below.
Acoustic noise such as people talking can also cause image artefacts, as can drafts of air.
An acoustic hood can be used to minimise the effects of both of these.

Resolution and artifacts
Vibrations



Resolution and artifacts
Vibrations



Because of the construction of the piezo-scanner, the
tip does not move in a perfectly flat plane. Instead its
movement is in a parabolic arc, as shown in the
image below. This causes the artefact known as
scanner bow. Also the scanner and sample planes may
not be perfectly parallel, this is known as tilt. Both of
these artefacts can be removed by using post-
processing software.

Resolution and artifacts
Scanner creep



The tip may pick up loose debris from the sample
surface. This may be reduced by cleaning the
sample with compressed air or N2 before use. Or
the tip can be damaged during scanning, which
degrades the images. This may be blunting of the
tip, as shown in the SEM image.

Resolution and artifacts
Damaged tip



The precise values used for feedback
gains will vary between instruments.
A good rule of thumb is to increase
the gain until excess noise begins to
appear, and then reduce it slightly to
get good tracking with low noise

Low gain à Poor tracking
High gain àHigh frequency noise

Resolution and artifacts
Feedback artifact



DNA

Leung et al., Nanoletters 2012

Proteins

Cells

Courtesy of Carvalho F.

AFM in Biology


