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Almost 200 years ago

THE
PHILOSOPHICAL MAGAZINE
AND
ANNALS OF PHILOSOPHY.

[NEW SERIES.]

SEPTEMBLER 1828,

XXVIL A4 brief Aecount of Microscopical Observations mede
in the Months of June, July, and August, 1827, on the Par-
ticles contained in the Pollen of Plants; and on the general
Ezistence of active Molecules in Organic and Inorganic Bodies.
By Roserr Broww, LR.S,, Hon. MR.S.E. & R.1 Acad.,
V.P.L.8., Corresponding Member of the Royal Institutes of
France and of the Netherlands, &e. &c.

[We have been favoured by the Author with permission to insert the fol-
lowing paper, whieh has just been printed for private distribution,—En.]

THE observations, of which it is my object to give a sum-

mary in the following pages, have all been made with a
simple microscope, and indeed with ene and the same lens,
the facal length of which is about -%;nd of an inch*,

The examination of the unimpregnated vegetable Ovulum,
an account of which was published early in 1826+, led me to
attend more minutely than I had before done to the structure
of the Pollen, and to inquire into its mode of action on the
Pistillum in Phaenogamous plants.
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Brownian motion was first evidence that

atoms existed

random motion
caused by molecular collisions
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Hydrodynamic signature written in Brownian
motion

Transport phenomena Brownian motion
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Hydrodynamic signature written in Brownian

motion

Transport phenomena

Brownian motion
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Diffusion coefficients indicate the degree of
fluctuation

diffusing spheres along 3D axes arbitrarily-shaped objects along 1D axis
(e(t + At) — r(t)[2) = 6 Dy At (I6(t + At) — £(8)*) = 2 De At
Einstein, 1905 & 1907
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Given everything we have talked about, how long
would it take a particle to randomly explore a cell?

time for protein diffusion across cell

time scale (1) to traverse distance (R)
given diffusion coefficient (D)

R

Physical Biology of the Cell, 2" edition



Mean square displacement (MSD)
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Given everything we have talked about, how long
would it take a particle to randomly explore a cell?

time for protein diffusion across cell

time scale (1) to traverse distance (R)
given diffusion coefficient (D)

R T =R%/6D

protein in cytoplasmD =10

pm?

S

E.coli R = 1ym — T=10ms
HeLacell R = 20pm —> 1=10s

neuronal cellaxon, R = 1cm =—> t=10%°s = 20 days!

Physical Biology of the Cell, 2" edition
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Number of distinct sites visited by unbiased
random walks

i o

Total number of sites inside
explored region after N steps

D Neoy xx VN In 1D and 2D every
site gets visited after
9D N x N a long time

------- In 3D some sites are

> = =
N 3D N, x NVN never visited even
2r after a very long time!

Shizuo Kakutani: “A drunk man will find his way
home, but a drunk bird may get lost forever.”

1D Nyig = \/8N/7T

Number of distinct visited
2D Nvis ~ 7TJV/ 111(8N)

sites after N steps
3D N,is = 0.66 N

A. Kosmrlj, Princeton University
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What about in a crowded environment?

Physical Biology of the Cell, 2" edition

0.25

small
molecule

0.15 DNA

0.20

dextran
Dcyto/ Dwater

0.10
605 protein <’

0.00

1 10 100 1000 10,000

molecular weight (kDa)
|

protein length (aa) 250 2500

L 1 J
DNA length (bp) 100 1000 10,000
Physical Biology of the Cell, 2" edition



Single particle tracking requires a time series of
Images
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Single particle tracking of fluid flows

vol. 37, No. 1 Transactions, American Geophysical Union February 1956

The Rate of Dissipation of Energy and the Energy Spectrum in a Low-
Speed Turbulent Jet
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Fio. 1-Schematic diagram of apparatus, field of observation, and grid Fic. 2-The x — = plane at y = 18 cm showing the analyzed field of mean motion; the solid lines are the®
component and the dashed lines are the 5 component, cm/sec




Microscopes have evolved, all based on the
same underlying physics

10.1119/1.10903
10.7554/eLife.57681
BIONICS and qi2lab - unpublished
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Contrast mechanism is just as critical
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Contrast mechanism is just as critical
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Advancements in molecular labeling and optical
microscopy enable quantitative tracking

Dynamic instability of microtubule growth

Tim Mitchison & Marc Kirschner Time = 0.8 sec

— Growth
Department of Biochemistry and Biophysics, University of California at San Francisco, San Francisco, California 94143, USA Frame =7 0.0

A0
We report here that microtubules in vitro coexist in growing and shrinking populations which interconvert rather infrequently.

This dynamic instability is a general property of microtubules and may be fundamental in explaining cellular microtubule
organization,
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Wave nature of light

Interference
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Wave nature of light

Interference

e

> Edited by Ulrich Kubitscheck
First diffraction otder
b \ Fluorescence
N ' Diffra¢ted phase fronts Microscopy
>y 3 "-\ : From Principles to Biological Applications

Second Edition
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Wave nature of light

Refraction and

Interference refractive index

Interface

Medium 2 with n, > 1
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Propagation of waves through optical system
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wavefront
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Propagation of waves through optical system
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Propagation of waves through optical system
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Optical microscope as a measurement tool
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Bragg condition
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Optical microscope as a measurement tool

Objective lens Tube lens
1
. I
— !
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. !
1
J
Object Back focal plane Image plane
AX,y) U(p.q) B(X'.y)
Bragg condition von Bieren condition
: Pn
dsin(a,,) = nl sin(ay,) = F

10.1002/9783527687732
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Optical microscope as a measurement tool

Objective lens Tube lens

—_— . ° °
. Resolution limit
. Ao
dmin > .
s nsin(Amax)

Object Back focal plane Image plane
Ax.y) U(p,q) B(x".y')
Bragg condition von Bieren condition Measured grating spacing
: p A
dsin(a,) = nl sin(a,,) = Tn d= nif
Pn

10.1002/9783527687732
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Optical microscopes are band limited

Tube lens Intensity
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The transfer function offers a holistic
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guantification of optical microscope performance
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W/cm~

-

1.0

MTF

\ AU

|

position

position

\

spatial frequency

.‘I |‘[ I M‘-!-OF
BTN . a
e . ™
== - 4-.2"‘.*:__ — wli \
N AR
Limiting . =~
resolution A'S 'm”'”‘ﬂf \B'shi rmtmg

resolution resnlutmn

10.1002/9783527687732




rizona State University

The transfer function offers a holistic

guantification of optical microscope performance
OTF PSF Simulated image
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atial I

(d) o 100 200 300 400 500
CC BY-SA 4.0 — Tom Vettenburg



Arizona State University

Overall transfer function depends on all
components

MTF
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10.1002/9783527687732
Hamamatsu camera simulator
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Overall transfer function depends on all
components

No noise
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10.1002/9783527687732
Hamamatsu camera simulator
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Overall transfer function depends on all

Poisson photon noise

components '

No noise <0.5 e- read-noise

Electronics
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5000
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10.1002/9783527687732 b A
Hamamatsu camera simulator
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Overall transfer function depends on all

Poisson photon noise

components '

No noise >1 e- read-noise

Electronics

0.2 04 0.6 08 1.0 g

2
00000
o

10.1002/9783527687732
Hamamatsu camera simulator




m‘ Center for
Biological Physics
Arizona St i i

a State University

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

Sample

- -4 Spead

Signal-To-Noise

10.1016/j.ceb.2020.04.008
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Fluorescence has a limited photon budget

Frame 1 Frame 25 Frame 50
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Health
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Speed
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=ignal- [o-MNoise

10.7554/elLife.57681
10.1016/j.ceb.2020.04.008
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Digital sampling can further limit information

y-distance

Intensity

=

-75-5-250 25 5 75
x-distance

10.1002/9783527687732
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Digital sampling can further limit information
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Intensity
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Digital sampling can further limit information

y-distance

Intensity

=

-75-5-250 25 5 75
x-distance
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Moving from observation to quantification

(A)  Object Image
Diameter << 4 (B)
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optical
microscopy
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-resolution
microscopy
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10.1002/9783527687732
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Quantifying single particle trajectories:
symmetric single particles
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Quantifying single particle trajectories:
large objects
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Quantifying single particle trajectories:

large objects
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- B&W masks
- Label images
- Thresholded
images

MorphoLibJ
morphological
segmentation

Weka
custom model

llastik
custom pixel
classification project

New TrackMate API:
Interoperate with external
segmentation components.
Store, create and analyze
object contours.

StarDist
built-in nuclei model
and custom models

g - Tracking cells
4 - Lineage tracing
Cellpose 2 = - Changes in 2D shape over time
built-in models z3 - Changes in intensity over time
and custom models % 3 - 2D to 3D segmentation
cd

trackpy  0.5.0  Tutoria Site >  Page v

Trackpy: Fast, Flexible Particle-Tracking
Toolkit
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Quantifying single particle trajectories:
large objects
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Quantifying single particle trajectories:
asymmetric single particles

Turner (2000)

10.7554/eLife.57681
BIONICS and qi2lab - unpublished
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Helix particles have multiple diffusion
coefficients

rotational diffusion

D,

2D time series images

kpT

ol »,. D2,

translational diffusion

co-diffusion

Dy -
) /.',r-;/

10.7554/eLife.57681
and qi2lab - unpublished

Thermo Fisher
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Need to track flagellum in 3D over time

NI LA B =
N \i illumination arm
AN "

10.7554/eLife.57681
BIONICS and qi2lab - unpublished
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Need to track flagellum in 3D over time
without changing inertia of fluid

10.7554/eLife.57681
BIONICS and qi2lab - unpublished
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3D + time tracking
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Segmentation of complex 3D shapes

_Raw + masked data””

LabKit
time machine learning
domain . :—.-.:'.': .
Y
o %% e
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Artz (2022)

space
domain

10.7554/eLife.57681
S and qi2lab - unpublished
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Full 3D plus time tracking of complex singIeA
particles

raw image segmentation tracking

10.7554/eLife.57681
BIONICS and qi2lab - unpublished
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Extracting diffusion coefficients from
flagellum tracks

y
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10.7554/eLife.57681
BIONICS and qi2lab - unpublished




Extracting diffusion coefficients from

flagellum tracks
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10.7554/eLife.57681

Interval time [sec] BIONICS and qi2lab - unpublished
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