
 

TETHERED PARTICLE MOTION 

 

     In this experiment you will measure the motion of a small spherical particle tethered via 

a single DNA molecule to a surface.  The random motion of the particle which is induced by 

collisions with the solvent is called "tethered particle motion."  Observations of this type of 

motion have been used to measure the activity of RNA polymerases (1) and DNA "looping" 

proteins (2).  We will use it to measure the mechanical properties of DNA, namely, its 

persistence length.  See reference (3) for a recent publication using a similar technique. The 

behavior of DNA can be understood from its long linear nature.  We will first develop the 

relevant theory and then describe the experiment. 

 

 

Theory 

 A long, linear polymer is shown in the 

Figure.  The unit tangent is defined as a 

function of the length (as the ant crawls) 

along the DNA starting from one end.  A 

quantity of fundamental interest is the 

"directional correlation function" defined as 

the average value of the inner product 

between two unit tangent vectors.  This is 

written like this: 〈 ̂     ̂     〉, where the 

brackets indicate an average over all the 

possible conformations of the molecule.  If 

the points s and s+l are far from the ends of 

the polymer, we can expect this not to 

depend on s.   

 The detailed conformations the polymer can assume depend on the microscopic 

properties of the molecule (whether it has some rigidity, rotatable bonds, etc...).  However, 

for a broad class of assumptions (of which DNA seems to satisfy, see Statistical Physics of 

Macromolecules, Grossberg & Khokhlov, Chapter 1 for full derivation), the directional 

correlation function takes an exponential form. 
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The quantity P is the "persistence length" and can be thought of as the distance (as the ant 

crawls) over which the DNA maintains it direction.  On length scales longer than this it looks 

floppy and is, in general, quite coiled.  Note that even for many polymers that do not satisfy 

the assumptions referred to above, the correlation function still looks exponential for l 

sufficiently large. 



 A second important quantity is the "end-to-end" distance (as the crow flies), which is 

shown in the figure, labeled R.  It is important experimentally since it represents the "size" 

of the coiled up DNA and can be measured using a variety of techniques (including ours!).  

The end to end vector can be calculated from the unit tangent vector using the following 

relation (you should be able to verify this is true by looking at the figure).   
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We can calculate the average of the square of the end to end distance using the following. 
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You are invited to show by direct evaluation of the integral that this formula results.  Note, 

this is true for a variety of types of polymers as it comes from quite general assumptions, 

and is true for DNA also.  But we can go further, as for the DNAs in our experiments, it 

turns out that L >> P.  (You will verify this in your experiment.)  Then the relation simply is 

〈  〉      

 Another basic result from the statistical mechanics of polymers is that for long 

polymers (L>>P), the probability density for the end to end vector is Gaussian.  This is the 

result of the end to end vector being the sum of a great many individual unit vectors (see 

Equ.2) which are all independent.  Applying the Central Limit Theorem, and the result above 

(Equ.4), one can see that 
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Do you understand where the factor of 3 comes from in the numerator of the exponential? 

The prefactor, N, is just a normalization constant.   

 In this experiment, you will directly measure the position of the tethered particle 

using videomicroscopy and particle tracking.  This will allow you to measure the distribution 

for the end to end vector directly, which you will fit to a Gaussian, thus determining P (since 

we know L = 16.2 m for the  phage DNA we are using). 

 

 

 



Influence of the particle. 

 If the particle attached to the end of the DNA is large compared to R, then we can 

expect that the interactions between the particle and the surface to affect the distribution of 

particle positions.  The details of this have been worked out (4).  The major factor is the 

"volume exclusion" between the particle and the surface.  This is just the fact that the 

particle cannot pass through the surface.  The end effect is that the end of the DNA is 

pushed away from the surface, and therefore the expectation for R is slightly reduced.  This 

effect can be shown to be small for small "excusion number," which is defined as 

     √
 

  
  

If NR < 1, then the particle does not alter the observed behavior too much from the "free 

end" limit.  For us, L = 16.2 m, rP = 0.4 m (our case), and P is between 50 and 350 nm 

(depending on ionic strength of medium).  For our case, we can estimate this number to be 

between 0.8 and 0.3.  Therefore, the particle should perturb the distribution only slightly, 

and we can view it as only allowing us to see the end of the DNA. 

 

Experimental procedure 

In order to tether the DNA and microsphere, the surfaces must be "functionalized" as well 

as the DNA.  The DNA itself is labeled on one end with a biotin moeity and on the other end 

with a digoxigenin molecule.  These are small molecules that can be covalently attached to 

the ends of the DNA.  They are MUCH SMALLER than the DNA and can be thought of as 

"links" whose purpose is to link the DNA to glass surface and bead.  The microsphere (made 

of polystyrene) is covalently coated with a protein called streptavidin, which binds (non-

covalently) very tightly to biotin.  A flow cell (which you will make!) will have an internal 

surface (one side of a thin glass microscope cover slip) coated with antibodies that bind to 

digoxigenin, called "anti-digoxigenin" antibodies.  Antibodies are immune system proteins 

that specifically bind to only one type of molecule.  This antibodies have been "raised" to 

bind only to digoxigenin.   Once tethered, you will be able to place the flow cell into a 

microscope and see the beads "wiggle" in tethered particle motion.  The following is an 

outline of the tethering steps.  See protocols for details. 

 

1. Construct a flow cell (15 min) 

2. Load anti-digoxigenin into flow cell for binding (30 min) 

3. Wash flow cell thoroughly with "blocking buffer" (30 min) 

4. Pre-mix DNA and microbeads in a tube (30 min, simultaneously with step 3) 

5. Load DNA-beads into flow cell for tethering (5-10 min) 

6. Wash with blocking buffer and seal flow cell  



 

Finding tethered particles 

Finding a correctly tethered particle can be one of the most challenging parts of this 

experiment!  If the channel is not washed well, there will be many freely diffusing beads 

which will make finding a tethered particle like finding a needle in a haystack.  If properly 

washed, there should be few freely diffusing beads present.   

1. Place the flow cell on the microscope stage, with thin cover slip on top. 

2. Using the lowest power objective (5x) find the edge of the flow channel and focus on it. 

3. Now switch to the 10x objective and refocus on edge.  You may be able to see beads in 

the flow channel --- they will appear as small black dots. 

3. Now attempt to focus on the beads attached to the cover slip.   You can use the tape on 

the side of the channel as a guide to when you are focused on the top of the channel.  Also, 

if the flow channel is free of freely diffusing beads (properly washed) you will only see many 

black spots when you are correctly focused on inside side of the top cover slip. 

4. Now switch to 40x and move sample to focus near center of channel.  You should be able 

to find the inside surface of cover slip as there will be some "stuck" beads that do not move.  

These stuck beads are due to non-specific sticking of the protein coated beads to the glass.  

(If you did not let the blocking buffer sit long enough in the flow cell, you will have very 

many of these!)  

5.  A tethered bead can be recognized by the fact that it is "wiggling."  It can be 

distinguished from freely diffusing beads by the fact that it will not "go away" if you focus 

on it and wait (if it has not drifted away or moved out of the focal plane after a few minutes, 

odds are it is tethered). 

Note, single molecule experiments are notorious for "outliers."  Beads can have multiple 

tethers (DNAs), DNA stuck to the surface non-specifically (and therefore a shorter than 

average tether), concatamers of DNA (twice as long as normal length), and even have knots 

in them!  For this reason it is important to take multiple data sets and reject outliers.  

Outliers can be recognized as having asymmetric particle position distributions, or much 

smaller or larger average end-to-end distances as compared to other DNAs. 

When you have a candidate tether, proceed to data collection. 

 

Data collection 

1. Center the tethered bead in the field of view.   

2. To switch to the 100x oil immersion objective, rotate the objectives to halfway between 

the 40x and the 100x.  Place a small drop of immersion oil directly on the coverslip where 



the objective will go.  You can identify this point by turning up the lamp and looking for the 

bright spot on the coverslip.  Once down, slowly rotate the 100x objective into place. 

3. You may have to search around a bit to find your particle if you did not center well 

enough.  If you have to switch back to the 40x to find it, use a kim wipe to clean the oil of 

the cover slip.  The 40x is not made to be immersed in oil! 

4.  Once centered and focused on your bead, open the data collection software, Open Video 

Capture.  Set the frame rate to 1 fps and the collection time to 10 minutes.  Use the "set 

video capture file" to name your file and save on Desktop.  Before starting collection, adjust 

focus to make a bright spot in middle of bead image.  This will help the particle tracking 

software.  It may help to close diaphragm on condensor. 

5.  After you have collected the data set, locate more tethered beads using above procedure 

and repeat data collection, collecting several data sets. 

Particle tracking  

Particle tracking is used to determine the x-y coordinates of the tethered bead in each 

frame.  We will use a freely available software package, ImageJ, to do this. 

1. Start ImageJ and open a video data file. 

2. Crop image so that only your bead is present in the field of view. 

3. Start the Particle Tracker under the Plugins menu. 

4. You will have to try different settings to get good particle detection results.  Good initial 

settings are a particle radius of 10, cutoff 0, and percentage 0.1.  Make sure your particle is 

located in your frames and there are no extra particles detected before proceeding to 

linking. 

5. Again, you will have to try different linking settings.  Start with link range 5 and 

displacement 15.  You can re-link after to try to get better results.  Try to get less than 20 

trajectories.  Visually inspect trajectories to make sure that they are sensible. 

6. Once done, you will have to save the results to a file and convert to .csv format using 

Excel.  You may have to manually edit the file to create a uniform list of particle positions. 

Once that is done, you can proceed to data analysis. 

 

Data analysis  

We will use LoggerPro to calculate histograms of particle positions and fit these to 

Gaussians. 

1. Start LoggerPro and load in your particle results. 



2. Add 2 histogram graphs (under insert>>additional graphs): one for x and on for y.  

Inspect these histograms.  Asymmetric distributions are characteristic of malformed tethers!  

Do not proceed if data does not look good! 

3. If good, fit these to Gaussians and use the center of the distribution as your 

measurement of the attachment point of the DNA to the surface. 

4. Now add a new column to your table which contains the radial distance of the particle 

from the attachment point, r. This is calculated from x and y and the attachment point 

coordinates. 

5. Add another histogram, this time for the radial coordinate.  This you should fit to a "radial 

Gaussian." 
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Can you derive this from the 2 dimensional Gaussian?   

6.  You can determine the persistence length for the DNA using the following formula. 
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