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Almost 200 years ago

Endo (2013)



Brownian motion was first evidence that 
atoms existed
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Hydrodynamic signature written in Brownian 
motion
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Transport phenomena
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Hydrodynamic signature written in Brownian 
motion

Transport phenomena

Walker (2015)
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Diffusion coefficients indicate the degree of 
fluctuation

arbitrarily-shaped objects along 1D axis

diffusion
coefficient

MSD / MSAD interval
timeEinstein, 1905 & 1907

diffusing spheres along 3D axes
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Given everything we have talked about, how long 
would it take a particle to randomly explore a cell?

Physical Biology of the Cell, 2nd edition



Mean square displacement (MSD)

MSD
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The slope of MSD indicate the diffusion coefficients

diffusion
coefficient

MSD interval
time



Given everything we have talked about, how long 
would it take a particle to randomly explore a cell?

Physical Biology of the Cell, 2nd edition



Number of distinct sites visited by unbiased 
random walks

A. Kosmrlj, Princeton University



What about in a crowded environment?

Physical Biology of the Cell, 2nd edition

Physical Biology of the Cell, 2nd edition



Single particle tracking requires a time series of 
images



Single particle tracking of fluid flows



Microscopes have evolved, all based on the 
same underlying physics

10.1119/1.10903
10.7554/eLife.57681

BIONICS and qi2lab - unpublished



Contrast mechanism is just as critical

Endo (2013)



Contrast mechanism is just as critical

10.7554/eLife.57681
10.1101/2022.05.19.492671

Reto Fiolka
UTSW



Advancements in molecular labeling and optical 
microscopy enable quantitative tracking 

10.1038/312237a0

10.1103/PhysRevE.50.1579

10.1016/j.cell.2018.09.057



Wave nature of light

Interference

10.1002/9783527687732



Wave nature of light

Interference

10.1002/9783527687732



Wave nature of light

Interference

Refraction and 
refractive index

10.1002/9783527687732



Propagation of waves through optical system

10.1002/9783527687732



Propagation of waves through optical system

10.1002/9783527687732



Propagation of waves through optical system

10.1002/9783527687732



Optical microscope as a measurement tool

dsin 𝛼௡ = 𝑛𝜆

Bragg condition

10.1002/9783527687732



Optical microscope as a measurement tool

dsin 𝛼௡ = 𝑛𝜆

Bragg condition

sin 𝛼௡ =
𝑝௡
𝑓

von Bieren condition

10.1002/9783527687732



Optical microscope as a measurement tool

dsin 𝛼௡ = 𝑛𝜆

Bragg condition

sin 𝛼௡ =
𝑝௡
𝑓

von Bieren condition

𝑑 =
𝑛𝜆𝑓

𝑝௡

Measured grating spacing

Resolution limit

𝑑௠௜௡ >
𝜆଴

𝑛𝑠𝑖𝑛(𝛼௠௔௫)

10.1002/9783527687732



Optical microscopes are band limited

10.1002/9783527687732



The transfer function offers a holistic 
quantification of optical microscope performance

10.1002/9783527687732



The transfer function offers a holistic 
quantification of optical microscope performance

CC BY-SA 4.0 – Tom Vettenburg

OTF PSF Simulated image



Overall transfer function depends on all 
components

10.1002/9783527687732
Hamamatsu camera simulator



Overall transfer function depends on all 
components No noise

10.1002/9783527687732
Hamamatsu camera simulator



Overall transfer function depends on all 
components

Poisson photon noise
+

<0.5 e- read-noiseNo noise

10.1002/9783527687732
Hamamatsu camera simulator



Overall transfer function depends on all 
components

Poisson photon noise
+

>1 e- read-noiseNo noise

10.1002/9783527687732
Hamamatsu camera simulator



Fluorescence microscopy has a fundamental 
tradeoff between contrast, resolution, and speed

10.1016/j.ceb.2020.04.008



Fluorescence has a limited photon budget

10.7554/eLife.57681
10.1016/j.ceb.2020.04.008



Digital sampling can further limit information

10.1002/9783527687732



Digital sampling can further limit information

10.1002/9783527687732



Digital sampling can further limit information

10.1002/9783527687732



Digital sampling can further limit information

10.1002/9783527687732



Moving from observation to quantification

10.1002/9783527687732



Quantifying single particle trajectories:
symmetric single particles

10.1002/9783527687732



Quantifying single particle trajectories:
large objects



Quantifying single particle trajectories:
large objects



Quantifying single particle trajectories:
large objects



Quantifying single particle trajectories:
asymmetric single particles

Turner (2000)

10.7554/eLife.57681
BIONICS and qi2lab - unpublished



Helix particles have multiple diffusion 
coefficients

5 mm

translational diffusion

rotational diffusion

co-diffusion

2D time series images

Thermo Fisher

Staining protocol from Turner (2000)

10.7554/eLife.57681
BIONICS and qi2lab - unpublished



Need to track flagellum in 3D over time

Staining protocol from Turner (2000)
andrewgyork.github.io

10.7554/eLife.57681
BIONICS and qi2lab - unpublished



Need to track flagellum in 3D over time 
without changing inertia of fluid

Staining protocol from Turner (2000)

5 mm

10.7554/eLife.57681
BIONICS and qi2lab - unpublished



3D + time tracking

Staining protocol from Turner (2000)



Segmentation of complex 3D shapes

space 
domain

Raw data

time 
domain

Artz (2022)

LabKit
machine learning

Raw + masked data

10.7554/eLife.57681
BIONICS and qi2lab - unpublished



raw image segmentation tracking

Full 3D plus time tracking of complex single 
particles

10.7554/eLife.57681
BIONICS and qi2lab - unpublished

5 mm5 mm5 mm



Extracting diffusion coefficients from 
flagellum tracks

10.7554/eLife.57681
BIONICS and qi2lab - unpublished



Extracting diffusion coefficients from 
flagellum tracks

10.7554/eLife.57681
BIONICS and qi2lab - unpublished



Summary
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