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1. INTRODUCTION 

1.1. Macroscopic versus microscopic measurements in biology 
Macroscopic experiments yield time and population averages of the 

individual characteristics of each molecule.  At the level of the individual 
molecules, the picture is quite different: individual molecules are found in states 
far from the mean population, and their instantaneous dynamics are seemingly 
random.  Whenever unusual states or the rapid, random motions of a molecule 
are important, the macroscopic picture fails, and a microscopic description 
becomes necessary.  Single-molecule experiments differ from macroscopic 
measurements in two fundamental ways: first, in the importance of the 
fluctuations in both the system and in the measuring instrument, and second, in 
the relative importance of force and displacement as variables under 
experimental control and subject to direct experimental measurements.  In 
single-molecule experiments, the crucial parts of the measuring instruments 
themselves are small and subject to the same fluctuations as the system under 
study.  Single-molecule experiments thus, give access to some of the 
microscopic dynamics that are hidden in the macroscopic experiments. 

1.2. Force sensitive Methods 
During the last decade, new force measuring devices have been 

developed which paved the way to explore the rich possibilities of mechanical 
measurements in the Pico Newton (pN) range of force generating motor-proteins 
and interacting biological macromolecules under physiological conditions. 

One of them is the optical trapping scheme, which consists of bringing a 
beam of laser light to a diffraction-limited focus using a “good” lens, such as a 
microscope objective.  Under the right conditions, the intense light gradient near 



the focal region can achieve stable three-dimensional trapping of dielectric 
objects, varying in size from a few tens of nanometers up to tens of micrometers.  
The term optical tweezers (OT) was defined to describe this so called single-
beam scheme. 

Another force-measuring device is the scanning force microscope 
(SFM), which has evolved to a unique tool for the characterization of organic 
and biological molecules on surfaces.  The SFM has proven its impact for 
biological applications, showing that it is possible to achieve sub nanometer 
lateral resolution on native membrane proteins in buffer solutions [1], to monitor 
enzymatic activity in situ [2] or to measure the unfolding of single proteins [3].  
Up to now there is plenty of experimental information available regarding 
forces, which arise in biological systems.  An overview upon force-measuring 
experiments carried out during the last few years to get information on 
biological systems is shown in figure 1. 

 
Figure 1: Overview on techniques, which are applied to assess information Figure 1: Overview on techniques, which are applied to assess information Figure 1: Overview on techniques, which are applied to assess information Figure 1: Overview on techniques, which are applied to assess information 
upon forces in biological systems.  On the right a series of experiments in upon forces in biological systems.  On the right a series of experiments in upon forces in biological systems.  On the right a series of experiments in upon forces in biological systems.  On the right a series of experiments in 
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Some of the experiments like unfolding of individual proteins and Some of the experiments like unfolding of individual proteins and Some of the experiments like unfolding of individual proteins and Some of the experiments like unfolding of individual proteins and 
dissociating (biodissociating (biodissociating (biodissociating (bio----molecular) bonds depend on the rate of the applied molecular) bonds depend on the rate of the applied molecular) bonds depend on the rate of the applied molecular) bonds depend on the rate of the applied 
external force.external force.external force.external force.    

There is complementary biological information gathered by the various 
techniques.  As visible in the graph, the force regime in which optical tweezers 
and scanning force microscopy are used overlap nicely.  Optical tweezers 
preferably are applied in experiments on molecular motors and entropic 
elasticity of molecules and conformational folding of proteins and rupturing of 
bonds are mainly investigated by SFM. 



In addition it has been shown during the last few years that the 
interaction of biomolecules on interfaces can be used as a tool for biosensing.  
The signal of the interaction of biomolecules on specific ‘receptor’ interfaces is 
transduced into a nanomechanical motion that is easily detected by the 
cantilever array technique a specific method evolved from the scanning force 
microscopy.  It is the purpose of this review to give an insight into these fields 
of our research activities in the Physics Institute at the University of Basel. 

2. OPTICAL TWEEZERS 

As mentioned previously, optical tweezers (OT) are instruments, which 
allow to trap or levitate micron-sized dielectric particles using laser light.  In 
addition, minute forces can be measured on the trapped particles with accuracy 
much better than what can be achieved with scanning force microscopy (in 
liquid and at room temperature).  This explains why OT is nowadays considered 
as a technique of choice for the investigation of biomechanical forces.  This 
section aims to give a basic introduction on this single-molecule technique (a 
single molecule can be attached to the handle and therefore its mechanical 
properties can be studied), describing technical details and possible 
implementation and calibration of OT instruments.  Moreover, typical 
experiments performed with OTs will be highlighted. 

2.1. Origin of Optical Forces 
It was first demonstrated in 1970 by Ashkin that light could be used to 

trap and accelerate dielectric micron-sized particles [4].  For this experiment, a 
stable optical potential well was formed using two slightly divergent counter-
propagating laser beams.  This pioneer study established the groundwork for the 
Optical Tweezers (OT) technique, where a single laser beam is focused by a 
high numerical aperture (NA) objective lens to a diffraction-limited spot [5].  At 
the focus, not only dielectric particles spheres can be trapped but also biological 
organisms such as cells, virus, or bacteria [6, 7].  Although it is still challenging 
for theory to calculate typical optical forces [8, 9], the origin of optical forces 
can be understood easily (Fig. 2).  Since a bundle of light rays is refracted when 
passing through a dielectric object, existing rays have a different directions than 
incoming rays.  This results in the change in light momentum.  By conservation 
of momentum, the change in the light momentum causes a change ∆P in the 
momentum of the trapped particle.  As a result and due to Newton's second Law, 
the particle will feel a force F: 
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where n is the index of refraction of the surrounding medium, W the 
power of the laser, c the celerity of the light, and Q is a dimensionless factor, 
known as the trapping efficiency. 

Optical forces are however very small, since 100 mW of power at the 
focus (10+7 W/cm2) produces forces of only a few tens of pN on a micron-sized 
particle. 
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Figure 2:  A transparent dielectric micronFigure 2:  A transparent dielectric micronFigure 2:  A transparent dielectric micronFigure 2:  A transparent dielectric micron----sized sized sized sized particle with an index of particle with an index of particle with an index of particle with an index of 
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(the force(the force(the force(the force) causes a reaction force on the particle.  Center rays contain ) causes a reaction force on the particle.  Center rays contain ) causes a reaction force on the particle.  Center rays contain ) causes a reaction force on the particle.  Center rays contain 
more photons than outer rays and exert therefore more force.  The resulting more photons than outer rays and exert therefore more force.  The resulting more photons than outer rays and exert therefore more force.  The resulting more photons than outer rays and exert therefore more force.  The resulting 
net force is shown.net force is shown.net force is shown.net force is shown.    

For biological applications, it is therefore imperative to choose a laser 
excitation, which (i) does not rise the temperature of the surrounding medium 
(say water) and (ii) prevents biological damage.  It has been shown that near 
infrared excitation is always best suited, although the wavelength region 
between 700 and 760 nm should be avoided in typical OT experiments [10, 11]. 

As seen above, light exerts a pressure on dielectric particles.  For 
practical applications, we need however to form a stable optical trap.  In a 
simple picture, it can be shown that a stable trapping occurs when the scattering 
force is smaller than the gradient force.  Basically, the scattering force (due to 
Fresnel reflections at the surface of the dielectric particle) is proportional to the 
power of the laser and acts only in the direction of propagation.  As a 
consequence, this force does not trap.  In contrast, the gradient force 
(proportional to the spatial gradient of the light) arises whenever the particle is 
out of the beam axis.  This force acts therefore in 3-dimensions and tends to pull 
the particle towards the region of maximum spatial gradient (i.e. the focal point) 
if the index of refraction of the particle is larger than that of the buffer solution.  
This simple picture explains why a stable trapping is observed only when (i) 
high NA objective lenses are used (ii) the back aperture of the objective lens has 
to be overfilled (to produce a diffraction limited spot and therefore a maximum 
spatial gradient).  Moreover, it suggests that handles with high refractive index 
(at least larger than the surrounding medium) have to be used. 



2.2. Experimental Details 
Knowing the origin of optical forces, we can build an optical trap.  In 

principle, the design of such instruments should be easy since trapping requires 
only (i) a beam expander to overfill the back aperture of the microscope lens (ii) 
a good microscope lens with a high NA to produce a steep spatial gradient  (iii) 
in addition when biological research is the focus of the experiment, lasers using 
wavelength in the near infrared should be used to avoid damage on the 
biological matter.  Indeed, some rather simple modifications of a commercial 
inverted microscope are sufficient to build an OT [12].  Of course, whenever the 
following requirements have to be considered (beam steering, high mechanical 
stability, proper spatial filtering of the laser, reducing mode hopping the laser...), 
it is best to build an OT on a conventional optical table with custom optics and 
electronics [8].  Note finally that oil immersion microscope lenses are less suited 
for OTs due to the difference in index of refraction between oil and water (inside 
the chamber).  The major microscope providers have nowadays a high numerical 
water-immersion lens in their program, which circumvent this drawback. 

2.2.1. Calibration procedure 
One of the main difficulties in OT experiments is to correctly estimate 

the force that acts on the trapped particle.  We already have mentioned that an 
object changes the direction of the refracted rays when it experiences a force.  In 
principle, such a change in the light momentum flux can be easily monitored 
onto a position sensitive detector (PSD) if we place after the objective lens a 
condenser lens (Fig. 3).  
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To relate deflections observed on the detector to forces, we need to 
calibrate the instrument. Many different approaches have been proposed in the 
past to perform such a calibration [8].  However, the thermal fluctuations 
calibration method is certainly the most widely used.  Having an object in the 
trap, the stiffness K of the light lever can be estimated from the power spectral 
density S(f) of the displacement fluctuations, using: 
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where γ  denotes the viscous drag, fc=K(2πγ)-1 is the corner frequency 
(i.e. the frequency above which the particle does not feel the effect of the trap 
anymore), kBT = 4.1 pN.nm at room temperature, and A is a factor describing the 
sensitivity of the detector (V.nm-1).  Fitting the measured power spectral density 
with Eq. (2) gives a robust estimate of the corner frequency and consequently of 
the trap stiffness if the viscous drag is computable (i.e. for an object of known 
shape). 

In addition, the detector sensitivity can be obtained from the area under 
the spectral density curve, knowing that the mean square displacement of the 
particle is related to both S(f) and K through: 

22 )( A
K
TkdffSx B ×== ∫  (3) 

Such a procedure shows that both the trap stiffness and the detector 
sensitivity (which are the only parameters needed to estimate the force) can be 
determined from a detector that is not absolutely calibrated. 

2.2.2. State of the art instrumentation 
In the previous section, we have seen that single beam OTs can easily 

measure forces.  However, an important drawback of such instruments is that a 
new calibration has to be performed for each new experiment (each time some 
local parameters such as the shape or size of the trapped particle, the local fluid 
viscosity, or power of the laser are changed).  Indeed, single beam OTs do not 
directly measure the change in light momentum flux because of the scattering at 
the interface of the microscope lens that introduces marginal rays.  As shown by 
Smith [13], dual beam OTs overcome such limitations.  Such instruments, 
although more expensive and more expensive than single beam OTs, need to be 
calibrated only once and have a very high trapping efficiency, which is of prime 
importance for biological investigations [14]. 



2.2.3. Thermal noise 
At room temperature, Brownian motion of the trapped particle (OT) or 

the cantilever (SFM) limits the force resolution of this micromechnical 
experiments.  As seen in the previous section, the power spectral density (i.e. 
thermal noise) is constant for frequency below the corner frequency and rolls off 
rapidly for frequency above fc. However, S(f) usually extents to high 
frequencies.  When the bandwidth fs of the measurement is much smaller than 
the corner frequency or when low-pass filters are used, the minimum detectable 
force Fmin reads (see Eq. (2) and (3)): 

SBTfkxAKF γ4)/( 2
min ==  (4) 

In this case, the force resolution is independent of the trap stiffness [15].  
To improve the sensitivity of micromechnical experiments, we can decrease (i) 
the temperature, (ii) the bandwidth of our measurement, or (iii) the drag 
viscosity.  Alternatively, the resonance frequency of the SFM cantilever can be 
increased to reduce the noise at a give bandwidth.  Certainly the best approach is 
to decrease the drag viscosity by reducing the size of the force-sensing device 
(the trapped bead or the cantilever) [15, 16].  This explains the need for small 
SFM cantilevers when high force sensitivity has to be achieved.  Note that 
commercial SFM cantilevers have typical dimensions of 100 µm, whereas beads 
used for OT experiments have diameters of the order of 1 µm.  For this reason, 
the force noise level of OT measurements (below 0.3 pN) is much smaller than 
that of SFM based techniques (10 pN, in liquid and at room temperature).  
However, the maximum force that can be measured with OTs is rather small as 
compared to SFM based techniques.  For instance, dual beam OTs can measure 
forces only up to 200 pN [14].  

2.3. Recent experiments 
We do not attempt to give an exhaustive review of all experiments that 

have been performed with OTs (see [17, 18] for recent reviews).  Rather, we 
would like to select and describe briefly typical applications of OTs in biology.  

2.3.1. Molecular motors 
Certainly, one of the most impressive applications of OTs is the study of 

molecular motors on a single molecule level.  These molecular motors can be 
linear motors (Kinesin, Myosin) [19], DNA/RNA polymerase enzymes [20, 21] 
or DNA packaging viruses (bacteriophage φ29) [22]. 

Kinesin and Myosin are two ATPase motor proteins.  Kinesin, which is 
used for organelle transport or chromosome segregation, moves along 
microtubules.  In contrast, Myosin interacts with actin filaments and is used not 
only for muscle contraction but also is involved in many forms of cell 
movement.  For these studies, OTs are used to interact single Kinesin or Myosin 



in vitro with either a microtubule or an actin filament (Fig. 4.A).  These 
experiments have revealed how much ATP has to be hydrolyzed and the forces 
generated at each step, demonstrating possible mechanisms involved in the 
movement. 
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weakly to actin and is released after a one step movement.  For these weakly to actin and is released after a one step movement.  For these weakly to actin and is released after a one step movement.  For these weakly to actin and is released after a one step movement.  For these 
experiments, the bead has therefore to be imexperiments, the bead has therefore to be imexperiments, the bead has therefore to be imexperiments, the bead has therefore to be immobilized onto a surface and an mobilized onto a surface and an mobilized onto a surface and an mobilized onto a surface and an 
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coated with an enzyme (black) interacting with a DNA molecule is held by coated with an enzyme (black) interacting with a DNA molecule is held by coated with an enzyme (black) interacting with a DNA molecule is held by coated with an enzyme (black) interacting with a DNA molecule is held by 
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along the single DNA molecule and is usedalong the single DNA molecule and is usedalong the single DNA molecule and is usedalong the single DNA molecule and is used either to transcribe a dsDNA  either to transcribe a dsDNA  either to transcribe a dsDNA  either to transcribe a dsDNA 
template into a messenger RNA (RNA polymerase) or to incorporate base pairs template into a messenger RNA (RNA polymerase) or to incorporate base pairs template into a messenger RNA (RNA polymerase) or to incorporate base pairs template into a messenger RNA (RNA polymerase) or to incorporate base pairs 
on ssDNA (DNA polymerase).on ssDNA (DNA polymerase).on ssDNA (DNA polymerase).on ssDNA (DNA polymerase).    

Other experiments investigated the function of motor enzymes used in 
DNA transcription or DNA polymerization.  In this case a single DNA molecule 
is tethered between two beads (Fig. 4.B), and the rate of transcription or 
polymerization can be followed in real time by applying a constant tension 
(force feedback) and allowing the distance between the beads to change 
accordingly.  Such studies have direct implications for the mechanism of gene 
regulation or force-induced exonuclase activity. 

2.3.2. Mechanical properties of single molecules  
Due to the high force sensitivity, OTs have been used to study (i) 

mechanical properties of DNA [23]  (ii) protein or RNA unfolding [24-26] (iii) 
the polymerization of individual RecA-DNA filaments [27].  Again, these 
experiments provided new insights in biochemical processes on a single 
molecule and are of great relevance to biology.  In a recent publication Husale et 
al. [28] showed that optical tweezers can easily be applied to investigate the 
influence of small ligands directly interacting with DNA to elucidate the binding 
mechanism of the ligands on the DNA. 



3. SCANNING FORCE SPECTROSCOPY 

3.1. Introduction to Dynamic Force Spectroscopy 
It has long been known that only molecules with an excess of energy 

over the average energy of the population can participate in chemical reactions.  
Accordingly, reactions between ligands and receptors follow pathways (in a 
virtual energy landscape) that involve the formation of some type of high-energy 
transition states whose accessibility along a reaction coordinate ultimately 
controls the rate of the reaction.  Until recently, chemists and biologists could 
only act on molecules if these were present in large quantities.  Consequently, 
scientists could only access macroscopic thermodynamical quantities, e.g. the 
free energy of complex formation and/or dissociation. 

Today, instruments offering a high spatial resolution and sensitivity 
down to the Pico- or Femto-Newton range allow one to study the adhesion of 
molecular bonds [29-41].  In particular, a novel type of force spectroscopy, the 
so-called dynamic force microscopy (DFS), has been developed.  In figure 5 a 
setup of a scanning force microscope used for dynamic force spectroscopy is 
shown. 

 
Figure 5:  Setup of a scanning force microscope.  The instrument is working Figure 5:  Setup of a scanning force microscope.  The instrument is working Figure 5:  Setup of a scanning force microscope.  The instrument is working Figure 5:  Setup of a scanning force microscope.  The instrument is working 
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adhesive forces inadhesive forces inadhesive forces inadhesive forces in----between the ligandbetween the ligandbetween the ligandbetween the ligand----modified tip and the receptormodified tip and the receptormodified tip and the receptormodified tip and the receptor----
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motion of deflection of the cantilever is detected using a laser beamotion of deflection of the cantilever is detected using a laser beamotion of deflection of the cantilever is detected using a laser beamotion of deflection of the cantilever is detected using a laser beam, m, m, m, 
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element allows varying the temperature precisely.element allows varying the temperature precisely.element allows varying the temperature precisely.element allows varying the temperature precisely.    

In a DFS experiment, the dependence of the rupture force on the loading 
rate is investigated using a scanning force microscope (SFM), a bio-membrane 



force probe (BFP), or eventually an optical tweezers setup.  A rather detailed 
description of such experiments performed in our laboratory is given in this 
section [39-42].  For a typical DFS experiment using an SFM, a ligand is 
immobilized on a sharp tip attached to a micro-fabricated cantilever and the 
receptor is immobilized on a surface.  When approaching the surface of the tip a 
bond may form between ligand and receptor.  The bond is then loaded with an 
increasing force when retracting the surface from the tip.  From these 
measurements, the energy landscape of a single bond can be mapped [43].  A 
typical force distance plot of these experiments is shown in figure 6. 

 
Figure 6:  A typical forceFigure 6:  A typical forceFigure 6:  A typical forceFigure 6:  A typical force----distance curve obtained in a stretching SFM distance curve obtained in a stretching SFM distance curve obtained in a stretching SFM distance curve obtained in a stretching SFM 
experiment (retraction cycle).  A DNA strand (TATTAATATCAAGTTG) is experiment (retraction cycle).  A DNA strand (TATTAATATCAAGTTG) is experiment (retraction cycle).  A DNA strand (TATTAATATCAAGTTG) is experiment (retraction cycle).  A DNA strand (TATTAATATCAAGTTG) is 
immobilized by its 5’immobilized by its 5’immobilized by its 5’immobilized by its 5’----end end end end viaviaviavia a PEG linker on the SFM tip and its  a PEG linker on the SFM tip and its  a PEG linker on the SFM tip and its  a PEG linker on the SFM tip and its 
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When the tip is approached close to the surface a specific bond between the When the tip is approached close to the surface a specific bond between the When the tip is approached close to the surface a specific bond between the When the tip is approached close to the surface a specific bond between the 
two strands is formed (two strands is formed (two strands is formed (two strands is formed (a).  The SFM tip is then retracted from the surface ).  The SFM tip is then retracted from the surface ).  The SFM tip is then retracted from the surface ).  The SFM tip is then retracted from the surface 
at constant loading rate (at constant loading rate (at constant loading rate (at constant loading rate (b----[PEG stretching]).  The sudden drop in the [PEG stretching]).  The sudden drop in the [PEG stretching]).  The sudden drop in the [PEG stretching]).  The sudden drop in the 
force force force force curve reflects unbinding of the duplex (curve reflects unbinding of the duplex (curve reflects unbinding of the duplex (curve reflects unbinding of the duplex (c----[specific DNA unbinding]).  [specific DNA unbinding]).  [specific DNA unbinding]).  [specific DNA unbinding]).  
The loading rate The loading rate The loading rate The loading rate rrrr (retract velocity  (retract velocity  (retract velocity  (retract velocity v v v v times the elasticitytimes the elasticitytimes the elasticitytimes the elasticity    cccc) is ) is ) is ) is 
determined from the slopedetermined from the slopedetermined from the slopedetermined from the slope    of the forceof the forceof the forceof the force----displacement curve before the displacement curve before the displacement curve before the displacement curve before the 
unbinding event occurs.unbinding event occurs.unbinding event occurs.unbinding event occurs.    

This section is organized as follows.  Part one introduces theoretical 
models that describe a chemical reaction when an external force is used to 
rupture a complex.  Then, DFS experiments on complementary DNA strands are 
presented and illustrate the main ideas developed in part 3.1. 

3.2. Theoretical Background 
In this section, some thermo-dynamical models describing the rupture of 

a single bond will be briefly presented.  More details can be found elsewhere 
[44-47]. 

Bell [45] first stated that the bond lifetime τ of an energy barrier reads: 



( )[ ]TkxFEF B/exp)( 00 ∆−=ττ  (5) 

where T is the temperature, E0 represents the bond energy (the height of 
the barrier), F is the external applied force per bond, ∆x is the distance 
(projected along the direction of the applied force) between the ground state and 
the energy barrier (with energy E0), and τ0 is a pre-factor.  Eq. (5) states that (i) a 
bond will rupture after a certain amount of time thanks to thermal fluctuations 
(ii) application of an external force dramatically changes the time it takes to 
overcome the energy barrier.  Note finally that (5) can be re-written as: 

( )0exp)( FFkFk offoff =  (6) 

where koff  is the thermal off-rate of the barrier, and F0 is a force-scale 
factor (F0= kBT/∆x). 

An important point is that the most probable force F* needed to 
overcome an energy barrier should a priori depend on the loading rate, i.e. the 
velocity in a typical DFS experiment (typical values for velocities are in the 
range between 10 nm/s and 5000 nm/s).  Indeed, when the loading rate 
decreases, F* should decreases because of thermal fluctuations.  In fact, a simple 
relation holds between F* and the loading rate r (r=kν, where k is the stiffness of 
the DFS force sensor and ν is the retraction speed): 

( )offkFrFF 00* ln=  (7) 

By plotting F* as a function of ln(r), one should therefore find different 
linear regimes, each of them corresponding to a specific region (a specific 
energy barrier) of the energy landscape.  According to Evans [46], the kinetics 
runs as follows: application of an external force (i) selects a specific path (a 
reaction coordinate) in the energy landscape (ii) suppresses outer barriers (Eq. 
5), and reveal inner barriers which start to govern the process.  For instance, 
recent BFP and SFM experiments have revealed an intermediate state for the 
streptavidin (or avidin)-biotin complex [38, 41].  However, since each energy 
barrier defines a time-scale (a range of loading rate that has to be compatible 
with the time-scale of the experiment) only a specific part of the energy 
landscape can be mapped in a typical DFS experiment [47, 48]. 

3.3. Experimental 
DFS measurements were performed with a commercial SFM instrument 

using some external data acquisition and data output capabilities in addition.  
The spring constants of all cantilevers (ranging from 12 to 17 pN/nm) were 
calibrated by the thermal fluctuation method [49] with an absolute uncertainty of 
20%.  For the temperature measurements presented below, the temperature was 
controlled using a home built cell where the buffer solution that immersed both 



the probe surface and the SFM cantilever was in contact with a Peltier element, 
driven with a constant current source.  Measurements at different points of the 
cell showed deviations of less than 2 °C. 

The preparation and immobilization of all oligonucleotides follows the 
protocol described in Refs. 39 and 42. 

3.4. Probability distribution and specificity of rupture forces 
Unbinding events are caused by thermal fluctuations rather than by 

mechanical instability.  Therefore unbinding forces show a distribution whose 
width σ is mainly determined by the force scale F0, i.e. σ=F0(∆x). 

When approaching the tip to the surface, many non-specific attachments 
may occur, even in the presence of treated surfaces or pure polymer samples.  
Therefore, it is imperative to test the specificity of the interaction (Fig. 7.). 

Unspecific interactions can be minimized using linkers (e.g. 
poly(ethylene)glycol (PEG) linkers) that shift the region where unbinding takes 
place away from the surface.  Finally, to quantify the most probable value for 
the unbinding force of a single complex, one has to work under conditions in 
which the probability that two or more duplexes are attached to the tip is low. 

 
Figure 7: A typical probability distribution for the rupture force (about Figure 7: A typical probability distribution for the rupture force (about Figure 7: A typical probability distribution for the rupture force (about Figure 7: A typical probability distribution for the rupture force (about 
500 approac500 approac500 approac500 approach/retract cycles, retract velocity 100 nm/s) [39].  For this h/retract cycles, retract velocity 100 nm/s) [39].  For this h/retract cycles, retract velocity 100 nm/s) [39].  For this h/retract cycles, retract velocity 100 nm/s) [39].  For this 
experiment, an oligomer experiment, an oligomer experiment, an oligomer experiment, an oligomer aaaa (see text) was attached to the tip of the SFM (see text) was attached to the tip of the SFM (see text) was attached to the tip of the SFM (see text) was attached to the tip of the SFM----
cantilever and its complement cantilever and its complement cantilever and its complement cantilever and its complement bbbb was immobilized on the surface (complements  was immobilized on the surface (complements  was immobilized on the surface (complements  was immobilized on the surface (complements 
were pulling apart at their opposite 5’were pulling apart at their opposite 5’were pulling apart at their opposite 5’were pulling apart at their opposite 5’----ends). ends). ends). ends).  Gray rectangles ( Gray rectangles ( Gray rectangles ( Gray rectangles (aaaa against  against  against  against 
aaaa), black rectangles (), black rectangles (), black rectangles (), black rectangles (aaaa against  against  against  against bbbb).  To minimize unspecific interactions ).  To minimize unspecific interactions ).  To minimize unspecific interactions ).  To minimize unspecific interactions 
(e.g. (e.g. (e.g. (e.g. aaaa against  against  against  against aaaa) and multiple unbinding events, 30) and multiple unbinding events, 30) and multiple unbinding events, 30) and multiple unbinding events, 30----nmnmnmnm----long PEG linkers long PEG linkers long PEG linkers long PEG linkers 
were attached to the 5’were attached to the 5’were attached to the 5’were attached to the 5’----ends.  Note that the scaleends.  Note that the scaleends.  Note that the scaleends.  Note that the scale----force force force force FFFF0000 can be in  can be in  can be in  can be in 
principle deprinciple deprinciple deprinciple determined from the width of the distribution.termined from the width of the distribution.termined from the width of the distribution.termined from the width of the distribution.    

These conditions are fulfilled for a low concentration and when the 
linkers have a length that is comparable to the diameter of the SFM-tip (about 50 
nm).  In this case, it is very unlikely that two or more linkers are extended to the 
same length when stretched.  However, subsequent rupture events may be found.  
But still, the last rupture event will occur for an applied force equal to F*. 



3.5. Dynamic measurements 
3.5.1. Base pair dependence 

We now present DFS measurements performed on complementary DNA 
strands of different length [10, 20, and 30 base pairs (bp)] and pulled apart at 
their opposite 5’-ends.  The base sequences of the oligonucleotides were 
designed to favor the binding to its complementary oligonucleotides in the 
ground state with respect to intermediate duplexes in which the strand is shifted 
relative to its complement.  We have chosen the oligomer a (5’-G-G-C-T-C-C-
C-T-T-C-T-A-C-C-A-C-T-G-A-C-A-T-C-G-C-A-A-C-G-G-3’), which contains 
30 bases and in which every three base motive occurs only once in the sequence.  
For this sequence, self-complementarities are avoided because the complement 
of each three-base motive is not contained in the sequence.  a was tested against 
its complement b (30 bp) and against truncated components c (20 bp) and d (10 
bp), respectively. 

As expected, a F* versus ln(ν) plot shows a linear behavior for each 
duplex (Eq. 7, see Figure 8). 

 
Figure 8: Velocity dependence of the most probable unbinding force [39].  Figure 8: Velocity dependence of the most probable unbinding force [39].  Figure 8: Velocity dependence of the most probable unbinding force [39].  Figure 8: Velocity dependence of the most probable unbinding force [39].  
Back squares (Back squares (Back squares (Back squares (a----tip/tip/tip/tip/b----surface, 30 bp), empty squares (surface, 30 bp), empty squares (surface, 30 bp), empty squares (surface, 30 bp), empty squares (a----tip/tip/tip/tip/c----surface, 20 surface, 20 surface, 20 surface, 20 
bp), circles (bp), circles (bp), circles (bp), circles (a----tip/tip/tip/tip/d----surface, 10 bp).  From a linear fit, both the forcesurface, 10 bp).  From a linear fit, both the forcesurface, 10 bp).  From a linear fit, both the forcesurface, 10 bp).  From a linear fit, both the force----
scales scales scales scales FFFF0000= k= k= k= kBBBBTTTT////∆∆∆∆xxxx and thermal off and thermal off and thermal off and thermal off----rates can be determined.rates can be determined.rates can be determined.rates can be determined.    

For each duplex, the distance ∆x from the ground state to the energy 
barrier and the thermal off rate koff were determined according to Eq. 7.  The ∆x 
distance was found to follow the linear relation: ( ) ( )[ ]nx ×±+±=∆ 03.007.03.07.0  
nm, where n is the number of base pairs.  This increase of ∆x with n clearly 
indicates cooperativity in the unbinding process.  Measurements of koff can be 
described by: 110 −−≈ sk n

off
βα , where 13 ±=α and 1.05.0 ±=β .  The obtained koff 

values are in good agreement with thermodynamical data [50].  Let us finally 
point out that an exponential decrease of the thermal off-rate with the number of 



base pairs is expected because of the increase of the activation energy for 
dissociation (Eq. 5).  However, the pre-factor τ0 in Eq. 5 also strongly decreases 
with the number of base pairs because of the increasing number of degrees of 
freedom of the system. 

3.5.2. Temperature dependence 
In this section, temperature dependent DFS measurements are briefly 

discussed.  The sequence e (5’-T-A-T-T-A-A-T-A-T-C-A-A-G-T-T-G-3’) [51] 
attached to the tip and its complement f was immobilized on the surface.  As 
previously, PEG linkers were used and DNA strands were pulled apart at their 
opposite 5’-ends.  The specificity of the interaction was comparable to the one 
obtained in base-pair dependent measurements (Fig. 7). 

As seen in Fig. 9, the slope of the F* versus ln(r) plots changes as a 
function of temperature, which evidences for a strong temperature dependence 
of ∆x.  This result emphasizes the fact that for the DNA-duplex, the energy 
landscape is much more complicated than that of ligand-receptor bonds. 

 
Figure 9:  The most probable unbinding force as a function the loading rate Figure 9:  The most probable unbinding force as a function the loading rate Figure 9:  The most probable unbinding force as a function the loading rate Figure 9:  The most probable unbinding force as a function the loading rate 
((((e----tip/tip/tip/tip/f----surface, 16 bp) obtained at different temperatures.  Squares (11 surface, 16 bp) obtained at different temperatures.  Squares (11 surface, 16 bp) obtained at different temperatures.  Squares (11 surface, 16 bp) obtained at different temperatures.  Squares (11 
°C), triangles (27 °C), circles (36 °C).°C), triangles (27 °C), circles (36 °C).°C), triangles (27 °C), circles (36 °C).°C), triangles (27 °C), circles (36 °C).    

As a consequence, the unbinding process may involve many different 
reaction paths.  In this case, thermal fluctuations are expected to play a key role. 

3.6. Future of dynamic force spectroscopy 
Using DFS measurements, the energy landscape of molecular bonds can 

be mapped.  Moreover, relevant parameters such as the location and height of 
the barriers and the thermal off-rates can be determined.  Our measurements 
confirm that the most probable force for unbinding scales as the logarithm of the 
loading rate.  From this dependence, both the natural thermal off-rate for 
dissociation Koff and the bond length x along the reaction coordinate were 



determined.  Our measured Koff values are in agreement with bulk temperature 
measurements indicating the validity of our measurements.  The base pairs 
dependent measurements indicate that unbinding of DNA strands is a 
cooperative process.  Temperature dependent measurements evidence for a 
decrease of ∆x as the temperature increases [42].  This behavior, which is not 
expected in the case of one dimensional energy landscape with a sharp energy 
barrier, indicates the role played by entropic contributions when unbinding DNA 
and unfolding RNA or proteins.  However, the linear decrease of x with the 
temperature is still an open question.  It is obvious that the exact relationship 
between the bond length and the temperature is not straightforward and 
calculations are needed to explain the observed properties.  Since the limited 
range of loading rates available in an SFM experiment does not allow one to 
map the whole energy landscape, such experiments should be combined in the 
future with other DFS setup such as bio-membrane force probe or optical 
tweezers setups.  An additional solution is to apply small cantilevers, which 
allow faster pulling and exhibit less thermal noise; so smaller unbinding forces 
can be detected.  These small cantilevers are still experimental [52] and great 
efforts are being made to commercialize them in the future.  These 
developments will also ask for instrument development so it is expected to last a 
few years before they are widely used.  One could envision that the dynamic 
force spectroscopy will be applied in the future to assess the binding affinity of 
biomolecules on bio-arrays but the experimentalists have to catch up to step in 
this direction. 

4. ADVANCED BIO-SENSING USING MICRO MECHANICAL 
CANTILEVER ARRAYS 

4.1. Introduction to micro-mechanical bio-sensors 
During the last few years a series of new detection methods in the field 

of biosensors have been developed.  Biosensors are analytical devices, which 
combine a biologically sensitive element with a physical or chemical transducer 
to selectively and quantitatively detect the presence of specific compounds in a 
given external environment. 

These new biosensor devices allow sensitive, fast and real-time 
measurements.  The interaction of biomolecules with the biosensor interface can 
be investigated by transduction of the signal into a magnetic [53] an impedance 
[54] or a nanomechanical [55] signal.  In the field of nanomechanical 
transduction, a promising area is the use of cantilever arrays for biomolecular 
recognition of nucleic acids and proteins.  One of the advantages of the 
cantilever array detection is the possibility to detect interacting compounds 
without the need of introducing an optically detectable label on the binding 
partners.  For biomolecule detection the liquid phase is the preferred one but it 
has been shown that the cantilever array technique is also very appropriate for 



the use as a sensor for stress [56], heat [57] and mass [58].  Recent experiments 
showed that this technique could also be applied as an artificial nose for analyte 
vapors (e.g. flavors) in the gas phase [59]. 

4.2. Nanomechanical cantilever as detectors 
The principle of detection is based on the functionalization of the 

complete cantilever surface with a layer, which is sensitive to the compound to 
be investigated.  The detection is feasible in different media (e.g. liquids or gas 
phase).  The interaction of the analyte with the sensitive layer is transduced into 
a static deflection by inducing stress on one surface of the cantilever due to 
denser packing of the molecules [60] or a frequency shift in case of dynamic 
detection mode [61] due to changes in mass. 

4.3. Overview of the two detection modes 
4.3.1. Static mode 

In static mode detection, the deflection of the individual cantilever 
depends on the stress induced by the binding reaction of the specific compounds 
to the interface.  The interface has to be activated in an asymmetrical manner, as 
shown in figure 10.  Most often one of the cantilever surfaces is coated with a 
metallic layer (e.g. gold) by vacuum deposition techniques and subsequently 
activated by binding a receptor molecule directly via a thiol group to the 
interface (e.g. thiol modified DNA oligonucleotides) or as in case of protein 
recognition by activating the fresh gold interface with a self-assembling bi-
functional bio-reactive alky-thiol molecule to which the protein moiety is 
covalently coupled [62]. 

 
Figure 10:  InteractionFigure 10:  InteractionFigure 10:  InteractionFigure 10:  Interaction of the analyte (light gray pentagons) with the  of the analyte (light gray pentagons) with the  of the analyte (light gray pentagons) with the  of the analyte (light gray pentagons) with the 
sensitive layer induces a stress on the interface and bends the cantilever sensitive layer induces a stress on the interface and bends the cantilever sensitive layer induces a stress on the interface and bends the cantilever sensitive layer induces a stress on the interface and bends the cantilever 
(note the asymmetric coating of the individual cantilever surface).(note the asymmetric coating of the individual cantilever surface).(note the asymmetric coating of the individual cantilever surface).(note the asymmetric coating of the individual cantilever surface).    



The radius R of the curvature of the cantilever is given by the Stoney’s 
law [63] 

12
Cant ))1(R6(Et −γ−=σ  (8) 

where σ is the stress, γ is the Poisson ratio, E the Young’s Modulus and 
tcant the thickness of cantilever.  The thickness of the lever is an important 
parameter, which can be varied to in─ or decrease the sensitivity of the device.  
By reducing the thickness a larger deflection due to stress change at the interface 
is possible.  Note, that the interaction of the ligand with the receptor molecule 
has to occur in the vicinity of the interface.  No flexible linking of the receptor 
molecule is allowed due to the fact that the induced stress will be diminished.  
IN addition the receptor molecules should be immobilized natively tightly 
packed on the interface to interact with the substances to be analyzed. 

4.3.2. Dynamic mode 
In the case of dynamic mode detection, the resonance frequency of the 

individual cantilever, which has to be excited, depends on the mass.  The 
binding reaction of the analyte to the interfaces is increasing the mass and the 
resonance frequency is normally decreased.  In figure 11 the scheme of dynamic 
cantilever detection is shown. 

 
Figure 11:  Interaction of analyte (light gray pentagons) with sensitive Figure 11:  Interaction of analyte (light gray pentagons) with sensitive Figure 11:  Interaction of analyte (light gray pentagons) with sensitive Figure 11:  Interaction of analyte (light gray pentagons) with sensitive 
layers induces a change in the resonance frequency of cantilever.layers induces a change in the resonance frequency of cantilever.layers induces a change in the resonance frequency of cantilever.layers induces a change in the resonance frequency of cantilever.    

The cantilever is excited by a piezo element.  The change in mass (∆m) 
during the experiment due to an uptake of interacting biomolecules induces a 
change in the resonance frequency of cantilever, which can be described by the 
following formula [61]: 

( ) ( )2
0

2
1

124 −−− −=∆ ffnKm π  (9) 

where the resonance frequency prior and during experiment are f0 and f1, 
K is the spring constant of cantilever and n a factor depending on the geometry 



of the cantilever.  The uptake of mass due to specifically interacting molecules is 
doubled in this manner and the cantilever does not respond to temperature 
changes via a bimetallic effect. Additionally the preparation involves fewer 
steps as in the case of the static detection mode [57]. 

4.4. Setups 
At the institute of Physics in Basel at the University of Basel in 

collaboration with the IBM Research Laboratory Zurich we developed 
cantilever array setups both for static and dynamic mode operation in liquids and 
in the gas phase. 

The principal part of the setup is an array of 8 cantilevers, produced by 
classical lithography technology with wet etching.  A typical picture of such a 
cantilever array is shown in figure 12. 

 
Figure 12:  SEM picture of an array of 8 cantilevers.  Dimensions: width Figure 12:  SEM picture of an array of 8 cantilevers.  Dimensions: width Figure 12:  SEM picture of an array of 8 cantilevers.  Dimensions: width Figure 12:  SEM picture of an array of 8 cantilevers.  Dimensions: width 
100 um, length 500 um, 0.5 um with a pitch of 250 um in100 um, length 500 um, 0.5 um with a pitch of 250 um in100 um, length 500 um, 0.5 um with a pitch of 250 um in100 um, length 500 um, 0.5 um with a pitch of 250 um in----between.between.between.between.    

The structure of an array is composed of 8 cantilevers.  The etching 
process provides cantilever thickness ranging from 250 nm to 7 µm adapted for 
the individual application (i.e. static or dynamic mode). 

A classical laser beam deflection optical detection for both the static and 
dynamic mode set up is used (see Fig. 13). 

The laser source consists of an array of 8 VCELs (Vertical Cavity 
Surface Emitting Lasers, 760 nm wavelength, pitch 250 µm) and the position 
detection is obtained through a linear position sensitive detector (PSD).  The 
array is mounted in a cell, which can be used for measurements in gas or a liquid 
environment. 



    
Figure 13:  Optical detection used for static (A) or dynamic (B) mode Figure 13:  Optical detection used for static (A) or dynamic (B) mode Figure 13:  Optical detection used for static (A) or dynamic (B) mode Figure 13:  Optical detection used for static (A) or dynamic (B) mode 
detection of average cantilever position using a multiple laser source detection of average cantilever position using a multiple laser source detection of average cantilever position using a multiple laser source detection of average cantilever position using a multiple laser source 
VCELs and a position sensiVCELs and a position sensiVCELs and a position sensiVCELs and a position sensitive device (PSD).tive device (PSD).tive device (PSD).tive device (PSD).    

A scheme showing the setup is displayed in figure 14.  The operation of 
our instruments is fully automatic.  During the time course of a few hours up to 
eight different samples can be probed using the automatic fluid delivery.  The 
instrumental noise of the static setup lies in the sub-nanometer range and the 
dynamic setup is able to detect mass changes in the order of picograms. 

 
Figure 14  General structure of cantilever array setups for gas/liquid Figure 14  General structure of cantilever array setups for gas/liquid Figure 14  General structure of cantilever array setups for gas/liquid Figure 14  General structure of cantilever array setups for gas/liquid 
samples.samples.samples.samples.    

The key advantage to use cantilevers arrays is to offer the possibility of 
in situ reference and the simultaneous detection of different substances.  The in 
situ reference is needed to avoid the thermo-mechanical noise especially in fluid 
phase detection.  Changes in refractive index when the buffer changes will also 
contribute to a ‘virtual’ motion of the cantilever.  As visible in figure 15 only the 
‘real’ motion, which is the difference in-between the cantilevers on the same 
chip is originating from the specific biomolecular interaction. 



 
Figure 15:  Static detection of biomolecular interaction.  The cantilevers Figure 15:  Static detection of biomolecular interaction.  The cantilevers Figure 15:  Static detection of biomolecular interaction.  The cantilevers Figure 15:  Static detection of biomolecular interaction.  The cantilevers 
have to be equilibrated and then the biomolecule of interest is injected.  have to be equilibrated and then the biomolecule of interest is injected.  have to be equilibrated and then the biomolecule of interest is injected.  have to be equilibrated and then the biomolecule of interest is injected.  
Due to the specific interaction of the injected biomolecules (light gray) Due to the specific interaction of the injected biomolecules (light gray) Due to the specific interaction of the injected biomolecules (light gray) Due to the specific interaction of the injected biomolecules (light gray) 
with the biomolecules owith the biomolecules owith the biomolecules owith the biomolecules on the cantilever shown in front stress builds up.  A n the cantilever shown in front stress builds up.  A n the cantilever shown in front stress builds up.  A n the cantilever shown in front stress builds up.  A 
scheme is shown below.  The interaction of the biomolecules with the scheme is shown below.  The interaction of the biomolecules with the scheme is shown below.  The interaction of the biomolecules with the scheme is shown below.  The interaction of the biomolecules with the 
receptor molecules induces stress at the interface, which deflects the receptor molecules induces stress at the interface, which deflects the receptor molecules induces stress at the interface, which deflects the receptor molecules induces stress at the interface, which deflects the 
individual cantilever specifically.individual cantilever specifically.individual cantilever specifically.individual cantilever specifically.    

In figure 16 (A) A raw signal of the cantilever array is displayed.  Since 
there will always be instrumental or thermal drift, the differential signal 
detection is mandatory.  The figure shows an experiment with a set of three 
cantilevers (thickness ~500 nm). In this experiment we used two reference 
cantilevers with different coatings and one specific biorecognition cantilever.  
This cantilever is being stressed upon binding of the corresponding interacting 
biomolecule. 

 
Figure 16 A:  Raw data of a threeFigure 16 A:  Raw data of a threeFigure 16 A:  Raw data of a threeFigure 16 A:  Raw data of a three----lever biolever biolever biolever bio----array experiment. array experiment. array experiment. array experiment.  In the top  In the top  In the top  In the top 
traces (light gray, gray) the motion of the reference cantilevers is shown.  traces (light gray, gray) the motion of the reference cantilevers is shown.  traces (light gray, gray) the motion of the reference cantilevers is shown.  traces (light gray, gray) the motion of the reference cantilevers is shown.  
In black color the motion of the biologically specific cantilever is In black color the motion of the biologically specific cantilever is In black color the motion of the biologically specific cantilever is In black color the motion of the biologically specific cantilever is 



displayed.  Upon injection of interacting biomolecules [~1000 s] displayed.  Upon injection of interacting biomolecules [~1000 s] displayed.  Upon injection of interacting biomolecules [~1000 s] displayed.  Upon injection of interacting biomolecules [~1000 s] 
turbulences of the liquid cause aturbulences of the liquid cause aturbulences of the liquid cause aturbulences of the liquid cause all levers to undergo some motion, which is ll levers to undergo some motion, which is ll levers to undergo some motion, which is ll levers to undergo some motion, which is 
stabilized immediately when the flow is stopped [~1200s].  The specific stabilized immediately when the flow is stopped [~1200s].  The specific stabilized immediately when the flow is stopped [~1200s].  The specific stabilized immediately when the flow is stopped [~1200s].  The specific 
binding signal quickly builds up and remains stable.  The interaction is binding signal quickly builds up and remains stable.  The interaction is binding signal quickly builds up and remains stable.  The interaction is binding signal quickly builds up and remains stable.  The interaction is 
fully reversible and can be broken by shifting the equilibrium of thfully reversible and can be broken by shifting the equilibrium of thfully reversible and can be broken by shifting the equilibrium of thfully reversible and can be broken by shifting the equilibrium of the e e e 
binding reaction by injecting pure buffer solution [~6500s] into the fluid binding reaction by injecting pure buffer solution [~6500s] into the fluid binding reaction by injecting pure buffer solution [~6500s] into the fluid binding reaction by injecting pure buffer solution [~6500s] into the fluid 
chamber.  During the time course of two to three hours, we regularly see a chamber.  During the time course of two to three hours, we regularly see a chamber.  During the time course of two to three hours, we regularly see a chamber.  During the time course of two to three hours, we regularly see a 
drift of the cantilever arrays on the order of tens of nanometers even drift of the cantilever arrays on the order of tens of nanometers even drift of the cantilever arrays on the order of tens of nanometers even drift of the cantilever arrays on the order of tens of nanometers even 
though the setup is temperaturethough the setup is temperaturethough the setup is temperaturethough the setup is temperature----sssstabilized (0.05°C).tabilized (0.05°C).tabilized (0.05°C).tabilized (0.05°C).    

 
Figure 16 B:  Differential data of the experimental set of figure 16 (A).  Figure 16 B:  Differential data of the experimental set of figure 16 (A).  Figure 16 B:  Differential data of the experimental set of figure 16 (A).  Figure 16 B:  Differential data of the experimental set of figure 16 (A).  
The difference of inThe difference of inThe difference of inThe difference of in----between the two reference cantilevers is shown (light between the two reference cantilevers is shown (light between the two reference cantilevers is shown (light between the two reference cantilevers is shown (light 
grey).  Except for some small motions, no differential bending is observed, grey).  Except for some small motions, no differential bending is observed, grey).  Except for some small motions, no differential bending is observed, grey).  Except for some small motions, no differential bending is observed, 
whereas whereas whereas whereas in the color dark gray and black the difference of the specifically in the color dark gray and black the difference of the specifically in the color dark gray and black the difference of the specifically in the color dark gray and black the difference of the specifically 
reacting cantilever with respect to the reference cantilevers is show.  As reacting cantilever with respect to the reference cantilevers is show.  As reacting cantilever with respect to the reference cantilevers is show.  As reacting cantilever with respect to the reference cantilevers is show.  As 
shown after ~6500s pure buffer solution is injected and the differential shown after ~6500s pure buffer solution is injected and the differential shown after ~6500s pure buffer solution is injected and the differential shown after ~6500s pure buffer solution is injected and the differential 
signal collapses to values close to the signal collapses to values close to the signal collapses to values close to the signal collapses to values close to the starting point were no interacting starting point were no interacting starting point were no interacting starting point were no interacting 
biomolecules were present in the experiment.biomolecules were present in the experiment.biomolecules were present in the experiment.biomolecules were present in the experiment.    

As visible in figure 16 (B) the differential signal lacks of any external 
influences except for the specific biomolecular interaction which induces a 
differential signal of ~90 nm relative to the in situ reference.  The experiment is 
reversible and can be repeated using different concentrations of analytes.  In a 
recent work we presented data, which allow extracting of the thermodynamics of 
the interacting biomolecules (i.e. DNA) [64].  Deflection signals as small as a 
few nanometers are easily detected.  Currently, the detection limit in static 
experiments lies in the range of nanomolar concentration [64] but can be 
significantly lowered by using cantilever arrays of thickness in the range of 250 
– 500 nm in the future. 

Great care has to be taken in the selection of the internal reference lever.  
In the case of DNA detection an oligonucleotide displaying a sequence, which 
does not induce cross talk binding reactions to the sequences to be detected is 
chosen.  Coating with thin layers of titanium and gold using vacuum deposition 
modifies one side of the cantilever array.  Onto this metallic interface a thiol-



modified oligonucleotide self-assembles in a high-density layer.  
Complementary and unknown oligonucleotide sequences are then injected and 
the specific interaction is directly visible within minutes.  Stress at the interface 
is built up due to a higher density of packing (see figure 15).  In protein 
detection, a protection of the asymmetrically coated cantilever has to be 
considered.  Preparation of protein detecting cantilevers is a multi step 
procedure and requires surface chemistry knowledge.  The side opposite to the 
biomolecular-modified side is generally protected by a poly-ethylene-glycol 
(PEG) layer.  The bio-reference surface can be coated by using unspecifically 
interacting proteins (e.g. bovine serum albumin).  In protein detection 
experiments larger ‘fluctuations’ of the cantilevers are observed (e.g. figure 16) 
than in the ssDNA-ssDNA experiments.  A possible interpretation of this 
difference might be due to the fact that the proteins used [µM] absorb light 
within the visible spectrum and therefore induce some local changes in index of 
refraction.  Specific signals are normally measured within minutes without 
problems.  Usually some drift of few tens of nanometers is observed of the 
complete set of cantilevers during the time course of the experiment even though 
the instruments temperature is stabilized within ± 0.05 °C.  But these effects are 
completely eliminated by using a differential read out on the very same 
cantilever array. 

Cantilevers arrays are already applied as detector both in static and 
dynamic mode [60, 61].  Recent articles show the potential for detection of 
DNA hybridization [55, 64], cell capture or toxin detection [53].  Integrating 
cantilever arrays into micro-fluidic channels will significantly reduce the 
amount of sample required [65].  Attempts have been made to get data from 
single cantilever experiments for DNA [66] or antibody antigen reaction [67] or 
from a two-cantilever setup using different stiffness for the individual 
cantilevers [68].  We would like to point out that these approaches have serious 
drawbacks.  Information extracted from these experiments, which often last 
multiple hours, cannot exclude unspecific drift of any kind.  The signal in these 
experiments is interpreted as specificity on the biomolecular level but no 
correlation from one lever to the next is applicable if only one lever is used at 
the time.  In a second approach, cantilevers with different stiffness are used to 
monitor the nanometer motions. Since the individual cantilever used show a 
difference of factor four in terms of stiffness, the response, which originates 
from specific interaction, is difficult to extract.  The sensitivity of this approach 
is hampered due to the differences in stiffness, which is directly correlated to the 
thickness of the cantilever used (see Eq. 8).  An interaction of the biomolecule 
with the stiffer reference cantilever might not be detectable if the stress signal 
lies within the thermal noise of that lever. 



4.5. Future applications of cantilever arrays 
The cantilever array technology explore a wide area of applications; all 

biomolecular interactions are in principle able to be experimentally detected 
using cantilever array as long as mass change or surface stress is induced due to 
the specific interaction. A few applications so far demonstrated promising 
results in the field of biological detection.  The cantilever based sensor platform 
might fill the gap between the very expensive analytical instrumentation (e.g. 
mass-spectroscopy, HPLC, SPR), which are sensitive but costly and relatively 
slow and the chip technologies (e.g. gene-arrays) with its advantage of easy 
multiplexing capabilities, but the need of fluorescence labeling and with its 
restriction to higher molecular weight compounds like proteins and nucleic acids 
so far. 

In comparison to the methods described above, the cantilever technology 
is cheap, fast, sensitive and applicable to a broad range of compounds.    The 
cantilever arrays can be used repeatedly for successive experiments.  The lack of 
multiplexing could be overcome by the application of large cantilever arrays 
with > 1000 Cantilevers/chip.  There are now projects launched to introduce 
commercial platforms providing arrays of eight cantilevers for applications in 
the liquid or in the gas phase.  A critical point for future developments in this 
field will be the access to the cantilevers arrays as it is in the ‘normal’ field 
biological applications using single cantilever scanning force microscopy.  At 
the moment, there are no biological experiments published which use the 
dynamic mode detection.  But as we believe the ease of preparation 
(symmetrically as pointed out above) and the fact that the sensitivity towards 
environmental changes is reduced, this might be the instrumental approach of 
choice for the future biological detection using cantilever arrays. 

5. CONCLUSION 

During the last decade single molecule experiments provided ample 
information in the field of biological basic research.  We would like to point out 
again that these kinds of experiments do not probe an ensemble of molecules 
and therefore give access to information or properties of sub-populations of 
biomolecules.  These experiments don’t have to be synchronized and therefore 
no averaging occurs.  In nature many cases, which define the status of an 
organism are depending on properties or activity of individual sub-populations 
(e.g. start of cancer in an individual cell).  ─  It is a long way to go to have real 
implications of single molecule manipulation experiments on daily life, but the 
information revealed so far, show that the clues to some specific biological 
problems might lie in the detail [e.g. Ref. 22].  In addition, it is important to 
mention that single molecule experiments are always technically most 
demanding and the future results obtained on single molecule will mainly 
depend on instrumentation capabilities.  One ‘drawback’ of single molecule 



experiments is, that one experiment is not sufficient to elucidate the properties 
of a subpopulation.  Enough experimental data has to be gathered, which is time 
consuming, to allow applying statistics. 

A way out might be to combine the high sensitivity of these force 
measuring devices and sample a few thousand molecules at a given time as it is 
done by using cantilever arrays.  This new array technology is not limited to 
genomic studies but can also detect protein-protein interactions [55], and will 
thus find applications in the fields of proteomics, biodiagnostics and 
combinatorial drug discovery where rapid, quantitative binding measurements 
are vital.  The ability to directly translate biochemical recognition into nano-
mechanical motion might have wide ranging implications, for example DNA 
computing applications or nanorobotics.  The Nano-Newton forces generated are 
sufficient to operate micromechanical valves or microfluidic devices and in situ 
delivery devices could be triggered directly by signals from gene expression, 
immune response or single cells. 
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