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Measurements of molecular forces 

Polymers like DNA or other macromolecules in solvents are constantly 
exposed to the bombardment of the surrounding molecules or atoms.  

This defines an energy scale for molecules subject to random fluctuations at 
room temperature: 

   kBT ~25 meV ~4x10-21 J  4x10-21 Nm  ~ 4 pNnm.  
4 pNnm is a direct indication of the energy living organisms need to overcome 
for e.g. directed motion of molecular motors. The value of 4 pNnm also gives 
us already an indication what kind of capabilities any technique would need 
to assess processes on this molecular scale.  

In essence, we would like to be able to measure:  

 (i) forces in the range of 10-12 Newton or even lower, and  

 (ii) with (sub-)nanometre spatial resolution.  

There are three complementary single-molecule techniques that are widely 
used and lead to a revolution in biological physics since the 1990s:  

 

 Optical tweezers - Magnetic tweezers - Atomic force microscope.  

 



Optical Tweezers: 
the basic idea 

 
following  the work of  

Ashkin, Chu, Block, Bustamante, …  



Historic Background: Photonic Forces 
Photons carry momentum p depending 
on their wavelength 
 

 

 

Where h is Planck’s constant.   
One intriguing example are the two tails 
of comets. One tail contains heavy 
particles and these are following the 
path of the comet, The second tail 
contains lighter atoms and molecules. 
From the observation of bent tails of 
comets, one can conclude that photons 
can interact with atoms/particles and 
transfer momentum.  
 

h
p


One of the first quantitative explanations of the two tails can be found in a publication 
from 1909 by Peter Debye. That photons carry momentum is the fundamental principle 
enabling optical tweezers technology. 

This was also one of the groundbreaking discoveries in quantum mechanics published by 
Einstein. One should also remember that Einstein got the Nobel prize for the photoelectric 
effect - in 1921.  



Historical Note on Photonic Forces 

P. Debye Light pressure on particles made of arbitrary materials Published in 1909 

 



Estimating Photonic Forces 
Photons carry momentum which can be transferred to atoms and molecules. To get a 
rough idea  about the magnitude of the forces we can do a quick calculation. 
Assuming that photons are reflected by a perfect mirror, we can write down the light 
pressure exerted on the mirror. We define the intensity I  as the power P per area A 
on the mirror  

 

 

 

We can then write down the light pressure on the mirror pr 

 

 

where c is the speed of light. The factor of two takes account of the fact that the light 
is reflected.   

Assuming that our light source (laser) has  an output power of P=500 mW we can 
estimate the force on the mirror Fr as 

 

This is more than three orders of magnitude larger when compared to forces in the 
range of 10-12N we want to measure. It is even more important to note that the 
gravitational force on a typical bacterium is in the range of 10 fN. 

Now we know the magnitude of the photonic forces we will discuss optical trapping. 
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Optical Trapping in the Ray Optics Regime 
One straightforward approach to understand optical 
trapping can be discussed in the context of ray 
optics.  
Assuming that a particle with refractive index nP held 
in the laser focus is much larger than the wavelength 
of light, we can avoid Gaussian optics but simply use 
Snellius’ law  to understand the acting forces.   
Upon hitting the interface between particle and 
surrounding medium the light is refracted at the 
interface. For trapping, the refractive index nm of the 
medium should be lower than nP of the particle. The 
change in direction of the ray leads to a change in 
momentum of the photons and thus a momentum 
acting on the particle. Depending on the initial 
position of the particle relative to the focal spot 
(indicated a black spot)  the net force always pulls 
the particle back towards the focal point. This 
establishes a stable three-dimensional trapping, if 
these restoring forces are larger than the thermal 
forces and the scattering force (light pressure).The 
latter is neglected in this simple example, obviously.  

nm 

np 



Optical Trapping: Gradient Forces 

The origin of gradient force in optical trapping can be also understood with the ray optics 
approach and directly translated to the more realistic Gaussian beams. The ray-optics picture 
on the left illustrates how light is refracted by the particle as before (solid arrows). The open 
arrows show the direction of the reaction forces due to the change in momentum of the light 
rays. The linear intensity gradient in the incident laser light causes a net resulting force along 
the gradient towards highest intensity (left picture). If we now consider a laser beam with a  
Gaussian intensity profile this should lead to a gradient force pointing always towards the laser 
focus (right picture).  

O. Otto PhD thesis 



Some Formulae 
After this phenomenological discussion we can consider some of the forces more 
quantitatively. The radiation pressure force Frad on a particle can be written as [1] 
 
 
 
Where pm denotes the change in momentum in time t , c1 the velocity of light and Pscat the 
scattering cross section of the particle. Stable, three-dimensional trapping can only be 
obtained if the gradient forces exceed the radiation pressure forces. If the radiation pressure 
cannot be ignored in the trap the stable position z of the particle above the focus can be 
calculated [2] 
      
 where w0 is the spot size of the focussed laser beam.  
Although the ray optics regime offers a straightforward explanation for optical trapping it is 
also very instructive to look at the other extreme where the wavelength is much longer than 
the diameter of the particle. Here the light creates a permanent dipole moment p, due to the 
gradient of intensity , and hence the gradient force Fgrad can be calculated as [2] 
 
 
 
Where rp is the particle radius and p the polarizability.      

[1] K. Dholakia, et al.. Chemical Society Reviews 37, 42–55 (2008) 

[2] A. Ashkin, et al. Optics Letters 11, 288–290 (1986) 



Some Comments on Formulae 
The scattering force can be calculated if the scattering cross section is known [1] 
 
 
 
Where the intensity of the laser I0 is proportional to the electric field strength E2.  
It is interesting to note here that our results for the scattering and gradient forces show 
different dependencies of the electric field strength . The gradient force depends on ∇E2 and 
points towards the region of highest intensity whereas the scattering force depends on the 
intensity which is proportional to E2. Ashkin et al. derived a criterion for Fgrad >> Fscat and 
showed that this is a necessary but not sufficient condition for stable trapping. Obviously, the 
depths of the optical potential should exceed the thermal energy of the particle [2]. 
Although the ray optics model and the dipole model provide a sufficient description within 
their area of validity, optical trapping in a biological context is usually carried out neither in 
one or the other but with systems where the wavelength is very similar to the dimensions of 
the trapped objects. When working with cells, organelles and colloids, particle dimensions are 
close to the wavelength of the laser [3]. A comprehensive understanding of this regime can be 
obtained by the Generalized Lorenz-Mie formalism. Here the incident beam and scattered 
beam are expanded in terms of plane waves which allow optical forces for spherical and non-
spherical particles to be calculated [4].  

[1] S. M. Block. Noninvasive Techniques in Cell Biology (New York, 1990), 9 edition 

[2] A. Ashkin, et al. Optics Letters 11, 288–290 (1986) 

[3] K. Dholakia, et al.. Chemical Society Reviews 37, 42–55 (2008) 

[4] A. Rohrbach. Physical Review Letters 16, 168102 (2005) 



Approximation of Trapping Potential 
For force spectroscopy we need the forces exerted on the particle in the optical trap. For a 
Gaussian laser beam the intensity profile I0 can be described by, where r = (x, y, z) is the 
radial distance from the centre of the beam: 
 
 
Combining this approximation (truncating after the second order) with  
 
  
We can write down an expression describing the force-distance relationship in the central part 
of an optical trap 
 
 
Obviously the force Fot depends linearly on the displacement from the centre r. The force 
depends on the trap stiffness ktrap or  that is depending on the steepness of the intensity 
gradient.  However,  here we assumed that is uniform for all three directions in the laser 
focus. In a real system the laser focus is usually an ellipsoid and thus one needs in principle a 
tensor to describe the trap stiffness correctly. In most experimental situations it is possible to 
simplify the system and work in one direction only and thus avoid most of the complications.   
In one-dimensional form this is known as Hooke’s law: 
 
 
This is a 1-dimensional equation as we dropped the vector notation and have a single ktrap. 
 



Building a Simple Optical Trap 

For building of an optical trap we need basically three elements: 

(i) A powerful laser as a light source (the single wavelength allows to create a tighter 
focus due to lower requirements on the chromatic corrections of the focusing 
optics)  

(ii) Focusing optics with high numerical aperture so that the gradient force exceeds 
the scattering force 

(iii) Detector to image the position of the particle in the optical trap 



Reminder: Numerical Aperture 
Numerical aperture determines 
resolution d0 of the objective. 
In essence, this is the minimal 
distance when two objects can 
be distinguished with an optical 
microscope.  
The numerical aperture (NA) is 
defined as NA=n sin( ), where 
n is the refractive index of the 
medium and  the opening 
angle of the objective lens. So 
maximizing both n and is a 
good idea to increase 
resolution.  

The factor of 0.61 due to diffraction at round aperture which leads to the so called Airy disc 
that has minima at 0.61 /R, 1.116 /R, 1.619 /R, … with the wavelength and R the 
radius of the objective lens.  The solutions of a plane wave incident on a round aperture 
leads to an intensity distribution described by Bessel functions of the first kind with poles at 
the positions given above. The resolution (for distinguishing objects) of any microscope is 
limited by the wavelength and the diffraction pattern of the lens. So resolution of a 
microscope is limited only by the available optics for the wavelength one can use. 

R 



Optical Tweezers in Action 

Here comes bacterium  

10 µm 

bacterium  

Before we discuss in detail 
how optical tweezers can be 
build and used, perhaps we 
can already look at a nice 
demonstration of the strong 
effects that light can have on 
single bacterial cells.   

In the movie an infrared laser 
beam at a wavelength of 
1064 nm is focussed into a 
diffraction limited spot with 
diameter of roughly 1 micron. 
In this experiment the power 
of the laser is 500 mW.   

uli movies/030924move fixed bead171815.avi


Optical Tweezers: Schematic Setup 1 
(Neuman 2004) 

There is a wide range of possible 
experimental configurations for optical 
tweezers (OT). 
In essence an OT setup needs a tightly 
focussed laser beam, usually achieved by 
focussing the beam through a microscope 
objective with high numerical aperture 
NA>1. For an optimal quality of the 
imaging, all elements should be adapted, 
apertures etc. This is achieved by 
introducing optically conjugated planes 
which are shown in the figure by the cross-
hatched planes. If planes are optically 
conjugated it means that objects are in 
focus in all these plans at the same time. 
In the example on the left, two microscope 
objectives are used. One for creating the 
trap and the second one for illumination 
and detection of the motion of the particle 
in the optical trap.  

http://www.damtp.cam.ac.uk/user/gold/pdfs/teaching/ufk_papers/optical_tweezers/neuman-block.pdf
http://www.damtp.cam.ac.uk/user/gold/pdfs/teaching/ufk_papers/optical_tweezers/neuman-block.pdf
http://www.damtp.cam.ac.uk/user/gold/pdfs/teaching/ufk_papers/optical_tweezers/neuman-block.pdf
http://www.damtp.cam.ac.uk/user/gold/pdfs/teaching/ufk_papers/optical_tweezers/neuman-block.pdf


Optical Tweezers: Schematic Setup 2 

Another scheme for an optical tweezers 
realization is depicted here. The full 
description can be found in the paper in 
Keyser et al. Rev. Sci. Instr. (2006). The 
idea here is to avoid the second 
microscope objective for making an 
image of the particle in the trap but use 
the SAME objective for trapping and 
imaging. This relieves some experimental 
constraints on the geometry of the 
sample that can be investigated. As 
optical tweezers usually need objectives 
with numerical apertures of larger than 1, 
the working distances are often less than 
0.1 mm which makes design of the 
sample cells a demanding task. Using this 
configuration can solve this issue. 
Detection of the position is again realized 
by a quadrant photodetector.  



Optical Tweezers: Position Detection in Reflection 
The key requirement for OT based force 
spectroscopy is the detection of the particle relative 
to the trap center. We will discuss two different 
strategies for the measurement of positions of a 
particle in an optical trap. Both methods we are 
discussing are extremely relevant for all techniques 
discussed  in the lecture and are widely used in the 
tracking of single particles or molecules.  

On the left,  the detection of the position using a 
second laser beam, that is reflected off the particle 
is depicted. This is also the method of choice 
employed in the atomic force microscope. In general 
this technique allows for resolution down to 0.01nm 
and below. It is important to note here, that spatial 
resolution in particle tracking is NOT limited by the 
resolution determined by the NA of the used 
objective. The NA only determines at what distance 
two particles can be distinguished. This is important 
to remember,  especially when modern 
developments like STED (stimulated emission 
depletion microscopy) are discussed which can 
overcome the limitations by NA.  



Optical Tweezers: Quadrant Photodetectors 
In order to detect the position of the red laser beam and 
thus determine the position of the trapped particle, one 
can use quadrant photodetectors . This approach is 
ubiquitous in experimental systems. 

Four independent photodiodes (A,B,C,D) are combined into 
a single quadrant photodetector. Each element has its on 
amplifying circuit converting the incoming photons into a 
voltage A,B,C,D. The relative position of the laser beam can 
then be simply determined by comparing the incident 
power C+D on two of the sectors A+B with the two 
opposite ones C+D, while dividing by the total incident 
laser power. 

Position measurements  can be taken every 10-6s and even 
faster now. Most applications in soft and biological physics 
it is not necessary to go beyond. One reason is the low 
Reynolds number environment which damps movements. 

Calibration of the detector response is necessary. One 
method to do this is the use of the powerspectrum of the 
optical trap that we will discuss next. Detection of  sub-nm 
movements is possible. Obvious limitations of the 
resolution are related to electronic noise of detector, light 
level, background light, and size of laser spot on detector. 
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Video Based Particle Tracking 

An alternative to quadrant photodetectors 
(QPDs) is using video cameras. There are 
several advantages with this approach, namely 
the possibility to follow several particles in 
parallel, easier calibration of the position 
information and reduction of drift (1/f-noise 
source) or electrical interference.  

With an intense light source illuminating the 
sample, a fast camera is mounted behind the 
tube lens of the imaging microscope objective 
and the video recorded. Modern digital 
cameras can reach frame rates of 10,000 or 
more per second. The stream of images is 
captured by a computer for analysis of the 
position of the particles in the field of view. It 
is also possible to analyse the data on the fly 
in real time, removing the need to store GBs 
or TBs of video data and rather just saving two 
numbers for the x,y,z position of the particles 
in the image. 

(Otto 2010) 

15k fps 20k fps 30k fps 35k fps 40k fps 

Frames per second (fps) 

http://www.damtp.cam.ac.uk/user/gold/pdfs/teaching/ufk_papers/optical_tweezers/Otto2010.pdf
http://www.damtp.cam.ac.uk/user/gold/pdfs/teaching/ufk_papers/optical_tweezers/Otto2010.pdf
http://www.damtp.cam.ac.uk/user/gold/pdfs/teaching/ufk_papers/optical_tweezers/Otto2010.pdf
http://www.damtp.cam.ac.uk/user/gold/pdfs/teaching/ufk_papers/optical_tweezers/Otto2010.pdf


Cross-correlation position tracking 

Since the typical amplitude of the motion of a 
trapped colloid is of the order of tens of 
nanometres, and typically one pixel on a camera 
corresponds to a few hundred nm, position 
determination must be carried out with subpixel 
accuracy.  

In particle tracking we use a number of 
assumptions to obtain a sub-pixel resolution:  
(i) the particles should be rotationally symmetric 
and produce a symmetric diffraction pattern on the 
camera that is (ii) constant over time.  

For the determination of the particle position in the 
region of interest one can use a cross-correlation 
based tracking algorithm. Sub-pixel accuracy is 
achieved by calculating the cross-correlation of the 
mean intensity distribution with its reverse by 
applying the convolution theorem. The convolution 
theorem uses that the Fourier transforms of signals 
f and g is equal to the point wise product of each 
their Fourier transforms. 

 

Region of interest 

Averaged 

pixel values 

in x direction 

Averaged 

pixel values 

in y direction 

Yellow lines denote lines that are 

averaged to produce profiles on top 

and right. This reduces noise due to 

electronic noise in the electronics of 

the pixels. 

(Otto 2010) 

http://www.damtp.cam.ac.uk/user/gold/pdfs/teaching/ufk_papers/optical_tweezers/Otto2010.pdf
http://www.damtp.cam.ac.uk/user/gold/pdfs/teaching/ufk_papers/optical_tweezers/Otto2010.pdf
http://www.damtp.cam.ac.uk/user/gold/pdfs/teaching/ufk_papers/optical_tweezers/Otto2010.pdf
http://www.damtp.cam.ac.uk/user/gold/pdfs/teaching/ufk_papers/optical_tweezers/Otto2010.pdf


Sub Pixel Resolution with Video Tracking 

After calculation of the mean intensity profile along an 4×30px2 rectangular array of the 
30×30px2 sub-ROI (see inset in (a)) , the intensity profile is depicted in x- or y- direction (a). 
Cross-talk between the directions is minimal, this is another advantage over QPD tracking. 
Part (b) shows 1-dimensional cross-correlation transformation and 2nd-order polynomial fit 
of ±3px around the maximum. The fit shows why we can achieve sub-pixel resolution with 
this technique. As we assume that the shape of the intensity profile is constant over time 
and the cross-correlation can be approximated by a simple polynomial, even with a fit of 
only seven points we achieve a resolution of a few nm in this case. The inset in (b) shows a 
time trace for a colloid tracked for 80 s at 10,000 fps in real-time. For a more detailed 
description see C. Gosse and V. Croquette. Biophysical Journal 82, 3314–3329 (2002) and 
references therein.  

(Otto 2010) 

http://www.damtp.cam.ac.uk/user/gold/pdfs/teaching/ufk_papers/optical_tweezers/Otto2010.pdf
http://www.damtp.cam.ac.uk/user/gold/pdfs/teaching/ufk_papers/optical_tweezers/Otto2010.pdf
http://www.damtp.cam.ac.uk/user/gold/pdfs/teaching/ufk_papers/optical_tweezers/Otto2010.pdf
http://www.damtp.cam.ac.uk/user/gold/pdfs/teaching/ufk_papers/optical_tweezers/Otto2010.pdf


Resolving nm steps with video tracking 

One can test the tracking routine by 
investigating the motion of a surface 
attached colloidal particle that is moved in 
defined steps. In order to determine the 
resolution in the instantaneous position of 
a particle a 3.47μm silica particle was 
adhered to the surface of a sample cell 
and a piezoelectric stage was moved in 
2nm steps. 
The plot on the left  shows the change in 
the detected position signal of the particle 
following a 2 nm step of the piezoelectric 
stage. Analysis of the data reveals that our 
tracking algorithm can resolve step size 
with an accuracy of down to 0.2 nm. The 
red line is calculated using a moving, 
adjacent average filtering over 10 data 
points. 



Brownian Motion of a Particle in an Optical Trap 
On the left, an example for the Brownian 
motion of a spherical particle in an optical 
trap is shown. The position was measured 
with a calibrated quadrant photo detector. 
The position-axis already shows the signal in 
micrometres. The conversion of the voltage 
output of the photo detector is usually 
achieved by moving a stuck particle with a 
calibrated piezoelectric stage in the 
nanometre range. This is raw data, without 
taking care about filtering, background 
corrections or other analysis methods or 
selecting a particularly nice example.  
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We will now investigate how this type of data can be used to calibrate the forces acting in 
the optical trap. To first approximation we assume that the trap is harmonic for small 
deviations from the trap centre, i.e. the restoring force driving the particle back into the 
equilibrium position is proportional to distance. This is of course just Hooke’s law F=- x, 
where is the trap stiffness in that direction and x the distance from the trap centre. In 
general, optical traps are not isotropic but have to be described with a two-dimensional 
matrix.  



Calibration: Equipartition - Position Histograms 

Particle position ( m) 

Using the equipartition theorem we 
can extract information from the 
data to determine the trap stiffness 

of the optical trap. At constant 
temperature T, a particle in a 
harmonic potential has a thermal 
energy of ½kBT. Assuming an 
harmonic potential we can directly 
write down the expected width of 
the random particle positions in the 
optical trap to be  

 <x2>=kBT/  

However, in the case of real data, 
there are complications with this 
method.  The position histograms 
shown on the left are clearly 
asymmetric, depending on recording 
times and time resolution of 
measurements. This is due to other 
sources of error like 1/f-noise etc.  

  
Expected variance for all cases: <x2> ~(11 nm)2 

Recording time  

~0.33 s 

Non symmetric 

Recording time  

~3.0 s 

 tail on right 

Fit yields  

<x2>~(10 nm)2  



Harmonic Optical Trap have a Lorentzian PSD 
Another, more robust approach to trap calibration uses the power spectral density (PSD) of 
the measured signal. The equation of motion of the particle in the optical trap is  
 
 
Where FB is a random white noise source.  We can compare the mass of the particle, m, with 
the friction coefficient,  to find that the time for the particle to loose inertial memory is  
 
  
Which simplifies the equation of motion and leaves us with a first order differential equation  
 
 
Following a few straightforward manipulations, very accessibly described by Gittes and 
Schmidt [1], one can then find an expression of the PSD as S a function of frequency f 
 
 
 
This is a so called Lorentzian shape. The corner frequency fc divides the spectrum into a lower 
(S(f) ~ constant) and higher frequency part (S(f) ~f -2). It is important to note that fc is directly 
related to trap stiffness by 
 
 
 [1] F. Gittes and C. F. Schmidt. Methods in Cell Biology 55, 129–156 (1998) 



Calibration: Using Power Spectrum 
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From the time dependent particle positions we calculate the 
power spectral density by Fourier transform of the positions 
into the frequency domain. With Parseval’s theorem we can 
also conclude that the total power for both cases has to be 
the same.  

2

2 2

Fourier Transform: ( ) ( )

Total Power ( ) ( )

iftH f h t e dt

h t dt H f df

We use here not angular 
frequency but f= /2  since this 
removes prefactors of 2 . Here, 
we are  interested in the one-
sided power spectral density:   

2 2 2 *( ) ( ) 2 ( )  if hP H f H f H f H H

(Gittes Schmidt 1998) 



Power Spectra as a function of  Laser Power 
To first approximation we would expect 
that the trap stiffness depends linearly on 
the applied laser power. In practice this 
holds for most situations, as shown by the 
data below. Corrections due to heating are 
usually in the range of a few per cent or 
even less and do not show up at the low 
frequency range however can sometimes 
be observed at higher frequencies.   

The trap stiffness should not be confused with 
the maximum force optical tweezers can exert.  
These are in the range of a few 10s of pN. 
Obviously force and position resolution 
critically depend on the stiffness. By tuning of 
the laser power one can easily choose the 
required stiffness. This allows for adaption to 
the forces that should be measured.  

Otto (2008) 



Test of Calibration of Optical Trap 
One staightforward check of the trap 
stiffness calibration is by using Stokes 
drag on the particle. By dragging a 
particle of known diameter through 
the liquid at known speed v we have 
force F= v. One has just to compare  
the measured force with the expected 
force. As in the trap calibration, the 
biggest uncertainties in these 
measurements  are the particle 
diameter and the temperature of the 
liquid in the optical trap. Depending 
on the laser wavelength, it might heat 
the liquid. As the viscosity is 
temperature dependent this 
influences the drag coefficient of the 
particle and thus the Stokes drag. 

Laser induced changes of the temperature around the particle can be detected with sensitive 
detection especially in the high frequency range of the powerspectra where the particle is 
‘freely’ diffusing in the optical trap [1].  

[1] Peterman et al. Laser-Induced Heating in Optical Traps Biophys. J. 84, 1308–1316, (2003) 



Influence of Bandwidth on Powerspectra 
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The bandwidth or number of samples/second of the optical trap system is crucial for an 
accurate determination of the trapping stiffness using the powerspectral analysis method. If 
the same signal is digitized with a range of different samples/s but with the same temporal 
resolution this has a profound influence on the powerspectrum.     



Issues with REAL Data: Aliasing 
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Sampling with the same temporal resolution but lower bandwidth leads to an increase of 
power in the low frequency part of the spectrum. This is the well known effect of aliasing, 
leading to so-called ghost frequencies in the spectrum. Obviously, this fundamentally 
changes the shape of the powerspectrum, making calibration more difficult. If the 
limitations and time constants are known, like for magnetic tweezers, this can be corrected.  



Issues with REAL Data in Video Tracking 

Aliasing 

Due to camera 

Shutter time  

Video tracking produces aliasing since pixels are not exposed during the full time, since 
the camera electronics needs a finite amount of time to read the data from the pixel into 
the memory of the camera/computer. A typical example is shown below for three 
different trapping laser powers imaged at 10,000 fps. The nominal shutter time would be 

t=100 s, however the real time temporal resolution is t=95 s which makes the real 
bandwidth is 5,263 Hz.  See [1] for a nice treatment of this high frequency correction.  

[1] K. Berg-Sørensen and H. Flyvbjerg. Review of Scientific Instruments 75, 594–612 (2004) 
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REAL Data: 1/f noise and bandwidth 

1/f-Noise 

To avoid problems with aliasing quadrant photo detector electronics have inbuilt low-pass 
filters which limit the bandwidth.  This shows up as a faster drop in the powerspectrum at 
frequencies larger than the filter drop off.  In the ideal case the recording bandwidth 
should be always at least 2 times higher than measurement bandwidth.  

Four times oversampling: 

Electronics Bandwidth 4000 Hz 

Recoding done at 20000 Samples/s 

Another feature seen at 
very low frequencies is 
the so called 1/f noise. 
This can be due to thermal 
drift,mechanical vibrations 
or other noise sources 
interfering with the 
measurement. There is 
not one single source for 
this 1/f-noise however it 
severely limits the long 
term stability of the 
system and is the reason 
for equipartition often 
failing to predict the 
correct stiffness.  



Conclusion 

• Building an optical trap is straightforward 

 

HOWEVER: 

 

• Force measurements are relying on good calibration 

 

• Good calibration depends on accurate and fast position 
measurements  
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DNA origami nanopores 
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Biological cells depend on membrane transport 

Alberts, Molecular Biology of the Cell (2002) 



Channel-facilitated membrane transport 

Kullman et al. Biophys J 82, 803 (2002);  Dutzler et al. Structure 4, 127 (1996);  

Hilty et al. Phys Rev Lett 86, 5624 (2001) 

Classical example of a specific protein channel: maltoporin in E. coli 

bacteria specialized in sugar uptake thanks to a binding site 

binding site for the solute (K=2500 M-1) 

How does the channel-molecule interaction  

affect the molecular transport? 



Cells can optimize diffusion flux  

R. Benz J Bacteriol 165, 978 (1987) 

Several types of diffusion proteins 
exists 

 

Specialized proteins form water-filled 
channels in the cell membrane  

general  
diffusion  
channels 
(porins) 

 

specific 
channels 

(porins) 
 

• Specialized (specific) protein channels can enhance nutrient uptake 



Mimicking a protein channel in a chip 

Synthetic channel:  
full control 

Biological channel: 
inaccessible, dynamics at 

the nanosecond scale 

Colloidal particles Microfluidics Holographic optical tweezers 



Modelling passive transport through protein 
channels 

Model assumptions: 

• Brownian particles 

• channel in equilibrium with reservoirs 

• a<<L: one-dimensional diffusion on 

the interval (0,L). 

• single particle in the channel 

• the particle-channel interaction is 

described by a potential U 

 

S Bezrukov J Phys Chem, 2001 

AM Berezhkovskii J Chem Phys, 2002 
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Free-diffusion 

AM Berezhkovskii J Chem Phys, 2002 

Diffusion model: predicted translocation probability 

The attractive potential enhances the 

translocation probability 

DB and DC bulk and 

channel diffusion 

coefficients 

TransP 1
4

C

B

D a

D L


 

OR Return Translocation 
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nm 5L
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Life time in the channel depends on potential depth 

Deeper potential well  exponentially 

longer the lifetime 

 InOut tt

particle  

enters 

particle 

leaves to 

 either 

reservoirs 

Typical lifetime down to a few 

nanoseconds 

Int

Outt

AM Berezhkovskii J Chem Phys, 2003;  

AM Berezhkovskii Biophys J, 2005  



AM Berezhkovskii J Chem Phys, 119, 3943; (2003) 

AM Berezhkovskii Biophys J, 88, L17 (2005)  

• Diffusive current J is the flux of particles exchanged 
between the reservoirs by particles translocating  

Predicted flux at nm and mm length scales 

0.2 nm

5 nm

4 nm

a

L









0.75 μm

4 μm

3 μm

a

L









nanoscale microscale 

• Predicted diffusion current is determined by translocation time   
and probability PTrans valid at all length scales 



Fabrication of our microfluidic 3D-1D-3D chip 



Synthetic channel: the permanent mold 

1. Focused ion beam assisted platinum deposition 

S Pagliara  et al., Lab Chip 2011 

S Pagliara  et al., Prog Coll Polym Sci 2011 

2. Photolithography 

wire  

cross  

section 



Synthetic channel: the disposable device 

    PDMS chip 
bonded to a 
glass slide 

Pt/Si/Su8 mold 

is replicated in 

polydimethylsiloxane 

 

 

 

 

 

 

Sealed with glass cover 

slip for optical access 

Two macroscopic  

reservoirs connected by 

a microchannel 

S Pagliara et al. Lab Chip 2011 

S Pagliara et al. Prog Coll Polym Sci 2011 



z = 0 nm 

z = +300 nm 

z = -300 nm 

Lookup table of  

images of the pattern 

Reference hollow 

pattern on the PDMS 

barrier 

Auto-focus keeps channel stationary for days 

t = 0 

Drift correction during the 

experiment 

Image acquisition 

Image processing  

and measurements 

Compare to lookup table 

and send feedback to the 

piezo-stage 



10 mm 

Free-diffusion in our microfluidic channel 

S. Pagliara, C. Schwall, U. F. Keyser Advanced Materials (2013) 
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Measure the histogram of the position 
dependent particle distribution d(x) 
along the channel length x over the 

whole experiment 

Automated particle tracking in the channels 

Counting events 

return 

X 

translocation 

  

All particles in the channel are 
automatically tracked at all time 



Diffusion coefficient measurement in the channel 

   




N

i

i mx
N

mτtMSD

1

21
 

X Michalet et al. Physical Review E 2010 

T Savin et al. Biophysical Journal 2005 

  12μm 01.013.0  sD

...we measure every single particle 
trajectory in the experiment 

Particle diffusion coefficient in the 
channel 



Free-diffusion: comparison between experiment and 
model 

Translocation 
probability 

Lifetime (s) 
Diffusion current 

(h-1) 

Experiment (0.07 ± 0.05) (2.1 ± 0.7) (7 ± 3) 

Theory 0.04 1.4 7 

Experimental data: average values estimated from three independent 
experiments (trajectories of 342 single particles in the channel)  

Predictions calculated using the theoretical model and the 
experimental parameters 

S Pagliara  et al.Adv Mater 2013;  

AM Berezhkovskii  et al.Biophys J 2005  



Challenge: tunable binding site 



10 mm 

Holographic optical tweezers (HOTs) 

Tunable potential 
landscape 

M Padgett Lab Chip 11, 1196 (2011) 

S. Pagliara, C. Schwall, U. F. Keyser Advanced Materials (2013) 

 

Tuneable binding site with HOTs 

Creating a «square» potential 



Characterizing the binding site 
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Potential depth depends linearly on laser power 

Linear fit to data forcing 
the intercept to 0 

Measured particle distribution d(x) along the channel 

S. Pagliara, C. Schwall, U. F. Keyser Advanced Materials (2012) 

Potential u(x) along the channel 



Measured translocation probability and lifetime 

 InOut tt

 Enhanced translocation probability 
 Increased lifetime 
Line is prediction from model (not a fit!) 

S. Pagliara, C. Schwall, U. F. Keyser Advanced Materials (2013) 



Measured diffusion current 

S Pagliara et al. Advanced Materials 2013 

We found an optimal 

potential that 

maximizes the flux 

of particles through 

the channel  



Looking for the optimal potential 

?   

Inspiration from Nature: 

 the nuclear pore complex 

Binding sites facing the bulk 



Parallel line traps realized simultaneously via HOT 

    L = 2 mm 

    L = 3 mm 

    L = 4 mm 

    L = 5 mm 

    Length modulation     Intensity modulation 

    I = 32% 

    I = 26% 

    I = 23% 

    I = 19% 



Simultaneous measurements of binding potentials 



Conclusions 

• Introduced a synthetic mimic of a 

protein channel 3D-1D-3D diffusion 

of particles 

• Coupled a laser line trap using 

holographic optical tweezers and 

mapped the energy potential 

landscape in the channel 

• Optimized the flux by tuning the 

potential depth 

• On-going: scaling up the platform for 

a higher throughput screening 

• Confirmation on nanoscale (biology)? 
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