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Single Particle Tracking 

Don C. Lamb 



Single Particle Tracking in 1500s 



SPT in 1900s 



Single Particle Tracking in 1984 
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Seisenberger et al. Science 2001 294: 1929 Lamb and Bräuchle 2007 Physik J 6:39 



Single Particle Tracking in 2D 
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Active PEI/DNA Polyplex Transport on Microtubules 

•  Directed, active transport of 
particles;  

•  Polyplexes are transported along 
microtubules 

•  The direction of motion is random. 
There is no trend for the polyplexes 
to move towards the nucleus 

•  Block-and-pass events of 
nanoparticles observed 
Bausinger et al., 2006 
Angew. Chem. 45:1568 

Post injection: 30 min 
Duration: 100 s 
Resolution: 500 ms  
Cell Type: HUH7 
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Active PEI/DNA Polyplex Transport on Microtubules 

1 µm 

v=0.18 µm•s-1  



Types of Diffusion 
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Ø   Normal Diffusion (in 2D) 
•    

Ø  Diffusion with Flow 

•    

Ø  Anomalous Diffusion 

•    

Ø  Corralled Diffusion 

•    
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The Diffusion Equation
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Time delay τ 

M
S

D
 

M
S

D
 

MSD τ( ) = r2 τ( ) = x t( )-x t +τ( )!" #$
2
+ y t( )-y t +τ( )!" #$

2

t

Time delay τ 

The ‘shape’ of the 
trajectory is quantified 
through the MSD vs τ 

relationship 

Mean-Squared-Displacement 



Thompson et al. Biophys J (2002) 
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Δx = error in the particle position 
s = standard deviation of the PSF 
N= number of photons detected 

a = pixel size 
B = background noise 

photon noise background 
noise 

B increases 
pixelization noise 

a increases a > diffraction 
limit 

Accuracy of SPT 
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Δx = error in the particle position 
s = standard deviation of the PSF 
N= number of photons detected 

a = pixel size 
B = background noise 



Particle Tracking 

June 30th 1966, Wembley stadium  



3D Tracking Methods 

Dupont et al., Nanoscale, 2012 
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3-D Orbital Particle Tracking 

with simultaneous bright field imaging 

Fabian 
Wehnekamp 

Enrico Gratton 
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Bright Field Dr. Aurelie Dupont 



Orbital Particle Tracking 

3D  orbital tracking microscope (x,y) 
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Estimate Position from Orbit 

0° 
90° 

180° 
270° 

To locate the particle we need to know:  
Angle, distance and height from center 

FFT[I(t)] → DC and AC 
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along the orbit 

Variation of the 
function along the orbit 



Estimate Position from Orbit 
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To locate the particle we need to know:  
Angle, distance and height from center 
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Orbital Tracking: Mathematical Details 



Estimate Position from Orbit 

h = f 
(MOD) 
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To locate the particle we need to know:  
Angle, distance and height from center 



3-D Orbital Particle Tracking 

3D  orbital tracking microscope (x,y & z) 
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with simultaneous bright field imaging 
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Bright Field

Focus, Det 1 

Focus, Det 2 



New scanner 
position  

(xs,ys,zs)t = 
(xp,yp,zp)t-1 

 

Initial position for the 
scanner (xs,ys,zs)t=0 

Intensity profile 

FFT 
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Intensity < threshold  
Increase orbit 

radius Particle position 
(xp,yp,zp) 

Tracking Algorithm 



Simultaneous Wide-field Imaging 

Wide-field without 
Tracking 

Wide-field with 
tracking 



Host 
Computer 

Real-Time 
Computer 

FPGA 

XY Mirror 

I1 + I2 

XYZ Displacement 

Program control Data logging 

Z Piezo 

FPGA Control of Setup 



•  Accuracy:  

•  Lateral: ~ 5 nm 

•  Axial: ~ 15 nm 

•  Acquisition rate: max. 500 Hz 

•  Tracking range: 200 µm x 200 µm x 100 µm 

•  Parallel Tracking: 4 particles 

•  Synchronization with acousto optical tunable filter 

•  Synchronization with widefield camera 

•  Long-range tracking over cms by repositioning the sample 

stage  

Charateristics of the 3D Orbital Tracking System 



Tracking of Mitochondria in Zebrafish 

Plúcinska et al., J Neurosci, 2012 

Thomas Misgeld 
Gabriela Plucinska, 

 TU Munich 

Fabian Wehnekamp 



Tracking of Mitochondria in Zebrafish  

Embryo medium  
PTU + tricaine 

LMP agarose 



Tracking of Mitochondria in Zebrafish 

mitoTagRFP 

Widefield: 

Tracking: 

mitoPAGFP 



Tracking of Mitochondria in Zebrafish 



Analysis 

Anterograde Retrograde 

cell 
body 

anterograde peripheral 
arbor 

retrograde 

Fast Anterograde 
Fast Retrograde 
Slow Anterograde 
Slow Retrograde 



•  Five different populations: 

•  Fast Anterograde 
•  Fast Retrograde 
•  Slow Anterograde = Slow Retrograde 
•  Passive 

•  No direct transitions between moving populations 

•  No polarization change during long movements in stem axon 

Tracking of Mitochondria in Zebrafish 
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Tracking of Mitochondria in Zebrafish 
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