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About the light

Energy
& Signal




About the light
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About the light

Colors &
Contrast

Retina
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About the light

Why light is so important and everywhere in our
lives?

Light is electromagnetic wave and can mediate
electromagnetic interaction, which is one of the four
fundamental interactions we know so far.




About the light

Is there any other better means?
No!

Stick to light, there i1s no other way out!!!



About the light

Physical Properties of Light

» Wavelength

» Photon energy

E = hv




About the light
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1901
W. C. Réntgen, in physics, for the discovery of X-rays.

1014
M. ven Laue, in physics, for the discovery of X-rays by crystals.

1915
W. H. Bragg and W. L. Bragg, in physics, for the determination
of crystal structures using X-rays.

1017
C. G. Barkla, in physics, for the discovery of the characteristic
X-ray radiation of the elements.

1024
M. Siegbahn, in physics, for discoveries in the fisld of X-ray
spectroscopy.

1027
A. H. Compton, in physics, for revealing the particle nature of X-
rays in scattering experiments on electrons.

1936
P. Debye, in chemistry, for determining molecular structures by
X-ray diffraction in gases.

O Perutz and ) Kendrew, in J—e.—n,m for determining
tl-e structure ..fl-el-\.;\ bin and myoglobin

1962 F. Crick, J. \.‘.‘ats"r‘ ar‘d F~’ Wilkins, in medicine, fo
discoveries ing the mx structure of nuclel =
and its sign for |rr'.rmat|.r transfer in In.|r~g matenal

1064

D. Crowfoot Hodgkin, in chemistry, for the determination of the
structure of penicillin and other important biochemical
substances.

1976
W. N. Lipscomb, in chemistry, for the determination of boranes.

1979
A. M. Cormack and G. N. Hounsfield, in medicine, for the
development of computerized tomagraphy.

1981
M. Siegbahn, in physics, for developing high resslution electron
spectroscopy.

1985

H. A. Hauptman and J. Karle, in chemistry, for the development
of direct methods for X-ray crystallographic structure
determination.

1988
3, Deisenhofer, R. Huber and H. Michel, in chemis
determination of protein structures crucial to photosynthesis.
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Visible light can penetrate deep into water
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Visible light has proper energy to interact moderately

with materials

Bond—dissociation energy at 298 K

Bond Bond Comment
(kcal/mol) (kJ/mol) (eV)
E=E = hond 83 - 8h BdE 20 3,60 -3, 69 strong, but weaker than C-H bonds
Cl -Cl | Chlorine 58 242 il Indicated by the yellowish colour of this gas
: Indicated by the brownish colour of Brs
Br - Br | Bromine 46 192 1. 99 J
source of the Br radical
) Indicated by the purplish colour of I,
I ==00 Iodine s Il Bzl Il S5 .
source of the I radical
Strong, nonpolarizable bond
H-H | Hydrogen 104 436 4. B2
Cleaved only by metals and by strong oxidants
O=H | Hydroxyl 110 460 47T Slightly stronger than € =H bonds
Stronger than single bonds
0=0 Oxvgen 119 498 ElE
Weaker than many other double bonds
_ One of the strongest bonds
N=N | Nitrogen Zie 945 9.79

Large activation energy in production of ammonia




Visible light has proper energy to interact moderately

with materials

Bond—dissociation energy at 298 K

Bond Bond Comment
(kcal/mol) (kJ/mol)

H:C - H Methyl C-H bond 105 439 One of the strongest aliphatic C-H bonds

CoHg - H Ethyl C-H bond 101 423 slightly weaker than HsC-H
(CHz)3C-H Tertiary C-H bond 96. 5 404 Tertiary radicals are stabilized
CH,CH - H Vinyl C-H bond 111 464 Vinyl radicals are rare

HC, - H acetylenic C-H bond 133 hh6 Acetylenic radicals are very rare

CeHg - H FPhenvl € -H bond 113 473 Comparable to vinvl radical, rare
CH,CHCH, - H Allylic C-H bond 89 B such bonds show enhanced reactivity
CeHsCHy -H  Benzylic C-H bond 50 377 Rl ke

such bonds show enhanced reactivity

HsC - CHz Alkane C-C bond 893 - &b =855 Much weaker than a C-H bond

HyC=CHq Alkene C=C bond 146 - 151 SHlIE = (siEie About 2X stronger than a C-C single bond

HC=CH Alkvne C=C triple bond 200 837 About Z. 52X stronger than a C-C single bond

96.485 kJ/mol = 1 eV



Photosynthesis

Light reactions

z @
\9\¥ / 6CO; , 6H20 9 CgH1206 , 602

Carbon dioxide  Water Sugar Oxygen

From wiki



Visible light

Visible light is bio-compatible.

Use visible light for in vivo biological studies!



Optical imaging

Why imaging?

Seeing is believing!



Why imaging?

What's is understanding?

The world is 3D.
Subjective The world is physically there.

This is how the world works, despite what you think

.. Our understanding is built on our collected information and
Objective

experience, based on which we can predict.

Vision is our major sense to collect information, so seeing

leads to understanding!!!



EFarly times of optical imaging

Galileo Galilei 1564 — 1642

» “Father of observational astronomy”
» “Father of modern physics”
» “Father of scientific method”

 "Father of science”

» “Father of modern science”, by Albert Einstein

“In 1609, Galileo was, along with Englishman Thomas Harriot and others,
among the first to use a refracting telescope as an instrument to observe stars,
planets or moons.”

“In 1610, he used a telescope at close range to magnify the parts of insects.”



Seeing is believing

X ray
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Basics of optical imaging

» Light Ray Model

» Light wave model

» Frequency domain model



Light ray model of an ideal lens

Back pupil plane Focal plane
|

Ideal lens
A

<

Rule 1: Light ray will not be deflected when passing through the center of lens

Rule 2: Parallel light rays will be focused into a single spot on focal plane



Imaging system: Light ray model
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Infinity corrected imaging system

Objective lens Tube lens Magnification: j:—i
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Aberrations

»Chromatic aberrations
»Spherical aberrations
»Comma

»Astigmatism



Chromatic aberration

“7 chromatic aberration




Dispersion
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Achromatic

crown glass flint glass

chromatic aberration

achromatic doublet

1590 - Hans & Zacharias Janssen of Middleburg, Holland manufactured the
first compound microscopes.

Around the year 1733, a barrister names Chester More Hall observed that flint glass
(newly made glass) dispersed colors much more than “crown glass” (older glass). He
managed to build the first achromatic objective, consisting of a combination of a
convex Crown glass and a concave Flint glass. Hall tried to keep this a secret by
having one type of glass manufactured by one company and the other by another
company.



Objectives’ parameters

Correction spec:
Magnification:

Numerical Aperture (NA):
Working Distance (WD):

Immersion medium:

Nikon CFIleo0 Infinity-Corrected Objective
25 Millimeter

Optical
Correction

Magnification

Objective
Waorking
Parameters

Coverslip
Thickness

Lens Hemispherical
Housing Front
Figure 1 Lens

Objective Correction for Optical Aberration

Objective Spherical Chromatic Field
Type Aberration Aberration Curvature
Achromat 1 Color 2 Colors No
Plan Achromat 1 Color 2 Colors Yes
Fluorite 2-3 Colors 2-3 Colors No
Plan Fluorite 3-4 Colors 2-4 Colors Yes
Plan Apochromat 3-4 Colors 4-5 Colors Yes




Spherical Aberrations

Spherical lens are not perfect lens

\




Cover glass and correction ring




Mounting Thread

Magnification/
Numerical Aperture

Field Number

Magnification

Color Code

Immersion

Objective Identifier

[] water
[] Coverslip
M Sample

Approach

Angle

Water Dipping

LTad

Correction LeRe
Ring

Water Dipping
[T R A o immersion
- — A jective
hpo LWD 2&” 10} Coverslip

Thickness

00/0-0.17 DIC N2 sy
: m Magnification
b ' Color Code
Immersion
Objective
Identifier
Retraction
Stopper
Working
Distimce

Water Immersion




Cover glass specs

22x22mm
100 PCS
THICKNESS
0 13-0.17mm

COVER
GLASS

Number Thickness

#0 0.10 £ 0.02 mm
#1 0.15 £ 0.02 mm
#1.5 High Tolerance 0.17 £ 0.01T mm
#1.5 0.17 £ 0.02 mm
#2 0.22 £ 0.020 mm

Tolerance

0.08-0.12 mm (80-120 pm)
0.13-0.17 mm (130-170 pm)
0.16-0.18 mm (160-180 pm)
0.15-0.19 mm (150-190 pm)

0.19-0.23 mm (190-230 pum)

Tolerance for circular coverglass is nominally +0.20 mm up to £0.30 mm, (rarely) £0.50 mm

Tolerance for square and rectuangular coverglass is nominally £0.20 up to +0.30 mm




Motorized correction collar for in vivo imaging

Leica motCORR™
Objectives



Coma Aberration

Without RCC With RCC




Astigmatism




Coma & Astigmatism

Optical interfaces should be perpendicular to the optical axis of objective




Objectives’ parameters

Correction spec:
Magnification:

Numerical Aperture (NA):
Working Distance (WD):

Immersion medium:

Nikon CFIleo0 Infinity-Corrected Objective
25 Millimeter

Optical
Correction

Magnification

Objective
Waorking
Parameters

Coverslip
Thickness

Lens Hemispherical
Housing Front
Figure 1 Lens

Objective Correction for Optical Aberration

Objective Spherical Chromatic Field
Type Aberration Aberration Curvature
Achromat 1 Color 2 Colors No
Plan Achromat 1 Color 2 Colors Yes
Fluorite 2-3 Colors 2-3 Colors No
Plan Fluorite 3-4 Colors 2-4 Colors Yes
Plan Apochromat 3-4 Colors 4-5 Colors Yes




Objectives’ parameters

Microscope Optical Train Components

L Parfocal Distance
Manufacturer Focal Length o Thread Type
= (Millimeters)
(Millimeters)
Leica 200 45 M25
Nikon 200 60 M25
Olympus 180 45 RMS
Zeiss 165 45 RMS
Example:

100x objectives of different brands have different focal length:
Leica & Nikon Objectives: 200/100=2 mm

Olympus Objective: 180/100 = 1.8 mm
Zeiss Objective: 165/100 =1.65 mm



Summary of light ray model

> Lens focuses parallel light rays of different directions into spots at

different positions on the focal plane.

» Modern imaging system (infinity corrected imaging system) consists of
two lens. Light from a point source is converted into plane wave, then
back to a spot.

» The magnification of the imaging system can be calculated as:

M — ftube lens

fobjective lens



Basics of optical imaging

» Light Ray Model

» Light wave model

» Frequency domain model



Wave nature of light

Water ripple diffraction

(((ill 11




Light wave model of optical imaging system

What's the resolution limit of the optical imaging system?

Point spread function (PSF):

A ‘
fl | fl \ 2
2

Maanification: f
o agnification: —
Objective lens Y Tube lens f1

v




Light wave model of optical imaging system

f1 ] fl \ 2
2

Maanification: f
o agnification: —
Objective lens Y Tube lens f1




Optical imaging system is linear & spatial invariant

Object Image

e K

)

convolution




Point spread function

b
Objective lens " Tube lens

Fraunhofer diffraction pattern of a circular aperture (Airy disk)

Ji(kx)\® 2 2
1
I(x)~< o ) k = Tnnsine = TNNA NA = nsinf

Numerical Aperture



Point spread function & Resolution

Ernst Karl Abbe

A A

Resolution: d =

2nsin6 - 2xNA

Numerical Aperture: NA = nsinf



Numerical aperture

Rule of thumb
NA of lens cannot exceed the refractive index of the medium

Air 1
Water 1.3
Oil 1.515-1534 Reflection at the Critical Angle

Agueous
Medium

n(2) > n(1)

Figure 4

NA=R.l. sin o




Aberrated PSFs

Diffraction limited Spherical Aberration

Coma Astigmatism

.




Optical imaging system is linear & spatial invariant

Object Image

e K

)

convolution

deconvolution
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Documentation
— CONTENTS Close
< Documentation Home DED|UITIr"|g

: Deconvolution for deblurring
¢ Image Processing Toolbox B

¢ Image Filtering and Enhancement Functions

Image Filtering deconvblind Deblurimage using blind deconvolution

Contrast Adjustment deconvlucy Deblurimage using Lucy-Richardson method

Morphological Operations deconvreg Deblurimage using regularized filter

Deblurring deconvwnr Deblurimage using Wiener filter

R Ol-Based Processing

Meighborhood and Block Processing edgetaper Taper discontinuities along image edges

Image Arithmetic otflpsf Convert optical transfer function to point-spread function
psf2otf Convert point-spread function to aptical transfer function

padarray Fad array




subplot(221);imshow(Blurredioisy);
title('A = Blurred and Moisy');
subplot(222);imshow(PSF,[]);
title{ 'True PSF'};
subplot(223);imshow(J);

title( '‘Deblurred Image');
subplot(224);imshow(P,[]);

title( 'Recovered P5F'};

A =Blurred and Noisy True PSF

2
20
4
40
G
601 N
20 40 &0 2 4 &
Recovered PSF
2
4




subplot(221); imshow(BlurredMoisy);
title('A = Blurred and MNoisy');
subplot(222); imshow(1);

title('[] LAGRA] = deconvreg(A,PSF,NP)}");
subplot(223); imshow(deconvreg(BlurredNoisy,PSF,[],LAGRAS1®));
title( ‘deconvreg{A,PSF,[],@.1*LAGRAY} " );

subplot(224); imshow(deconvreg(BlurredNoisy,PSF,[],LAGRA®18)Y);
title( 'deconvreg(A,P5F,[],18*LAGRA)");

A = Blurred and Noisy
W A
," =i (]

[J LAGRA] = deconvreg{A,PSF.NP)




Point Spread Function & Resolution

Example:

An Olympus Plan Apochromat, 60X, NA 1.27, water objective is mistakenly
installed in a Nikon microscope, please calculate the magnification and expected

resolution when imaging a GFP labelled cell.

Olympus tube lens focal length: 180 mm
Nikon tube lens focal length: 200 mm
Emission wavelength of GFP: 510 nm

Olympus objective focal length: 180 mm/60 =3 mm
Magnification: 200 mm/3 mm = 66.7

. A 510 nm
Resolution: = = 200.8 nm
2NA 2%x1.27




Optical contrast

Without contrast, resolution is nothing

» Intrinsic imaging
» Absorption
» Scattering
» Refractive index change
» Staining\labeling
»  Staining for wide field imaging

» Fluorescent staining\labeling for fluorescence imaging



Intrinsic iImaging

Phase Contrast/

Bright Field Dark Field Different Interference
Contrast (DIC)




Phase imaging

Brightfield Darkfield

Phase contrast Differential interference contrast

Frits Zernike, Nobel prize 1953



DIC microscope

A
e |

| Analyzer
Wollaston |
@%m@ a)
20 0 B) Amplitude Reduced
Objective otyect amplitude
_Conjugate ¢y Phase Retarded
interference Object object phase
planes
Figure 7-2
Condenser Eects of amplitude and phase objects on the wavetorm of light. (a) Reference ray with
charactenstic amplitude, wavelength, and phase. (b) A pure amphtude object absorbs energy
wwmmamm.mmwumrhm.danqu (c) A pure
\3 phase object alters velocity and shifts the phase, but not the amplitude, of an emergent ray
> Wollaston |

[ 1 Polarizer



DIC can do 3D imaging




Marriage with ML

Rivenson et al. Light: Science & Applications (2019)8:23

Official journal of the CIOMP 2047-7538
https://doi.org/10.1038/541377-019-0129-y

www.nature.com/lsa

ARTICLE Open Access

PhaseStain: the digital staining of label-free
guantitative phase microscopy images
using deep learning

Yair Rivenson'*, Tairan Liu'*>, Zhensong Wei'*?, Yibo Zhang®'*, Kevin de Haan'*® and Aydogan Ozcan®'***



————— Standard histological workflow - -
Histological Brightfield
staining microscope

9]
rﬁ j H OJ.«_., I |._‘,\\0H
N

Slide
Preparation

N
N-——N " Ho”"| ~oH
LN OH
Methenamine Periodic
acid

—>

Convolutional
neural network

Fig. 1 PhaseStain workflow. A quantitative phase image of a labelfree specimen is virtually stained by a deep neural network, bypassing the
standard histological staining procedure that is used as part of clinical pathology




QP of label-free skin tissue section

Network output — dlgltal H&E stalnlng

Brightfield image of the
QPI of label-free skin Network output — H&E histologically stained
tissue section (zoom in) digital H&E staining skin tlssue (20:40 ?ENA]
I - ] g e e A . M it




Fluorescent indicator

EGFP

3
5 % | Non-radiative o
s1 | transition

1 J a0

B0

Absorption

40
Fluorescence

20

Energy

3

5 ¥
SO 400 500 500 700

1

0

Ground State

Wilavelength (nm)

> Single molecule sensitivity



Fluorescent indicator

Protein




Epifluorescence microscope design

A Emission filter

Excitation filter
eyepiece —

LIGHT
SOURCE

| ;

1

1 first barrier filter: lets through
only blue light with a wavelength
between 450 and 490 nm

2 beam-splitting mirror: reflects
light below 510 nm but
transmits light above 510 nm

d_f—— objective lens

3 second barrier filter: cuts out
unwanted fluorescent signals,
passing the specific green
fluorescein emission between
520 and 560 nm

Excitation
wavelength

Emission
detection band

100 - Excitation
spectrum
80+
-y Emission
) . < spectrum
Epifluorescence microscopy £ 6o+
. . . { =
uses illumination from above £
("epi-") and a special cube = § 40+
containing two coloured filters ‘% \
plus a special beam-splitting ~ 207 ¢
("dichroic") mirror st
b—r—7 I 1
350 400 450 500 550 600 650 700 750
(a) Wavelength (nm)
Excitation band Trar]smis;sion
(reflected by of_dlchrolc
dichroic mirror) mirror
1004
',"‘u:-"l A
i MY
5 60
@ H i
£ 40+ ! H Emission
g i i«—— band detection
= H
20+ :
0 1 1 e = I 1 I i
350 400 450 500 550 600 650 700 750

(b)

Wavelength (nm)



https://www.semrock.com/

—Semrock

HEALTH & SCIENCE

PRODUCTS TECH MATERIAL APPLICATIONS SUPPORT ABOUT US

60 50" 40" 30" 20" O°

VERSACHROME

80
80
TUNABLE FILTERS  ¢=
€ 60
< Back by Popular Demand! %
._ .\ | 5w
) Rotate filter by up to 60° — edge wavelength shiftsby > 10% & o
) Ideal for tunable emission or tunable Raman applications N -
) Both transmitted and reflected beams preserve optical quality 10
) Most popular edges & passbands are back in stock
450 470 490 510 530 550 570 590
Click to learn more Wavelength (nm)
SearchLight Rapid Order
Searchlight allows you to easily sele Flements of your fluorescence Know exactly what you want? Click here to rapid order the products you
system and quickly calculate a relat ignal brightness, autofluorescence know and love.

level and signal to noise ratio.

Start Plotting Now » Order Now »

0000000 @ @@ i

oM



Choose right filter sets

SearchLight™ (
olle ¥ .

Export  Print
100 - = =
ISC‘5 = Ej 1 HW — e —— -m I 'E
¥ Fluorophores - EGFP =
4 Filters 20 | F 1 | | EGFP - Abs =
4 EGFP - Em =
FF01-605/15
FFO1-505/64 ! 4 mChemy =
FFE05-Di02 i 60 i \ mCherry - Abs =
. » 1
i sl Il | mChermy - Em =
ol | | &: — Di01-R433/561 =
L DD 1
40 3| Il | = 1 438 Laser Arion (Synthetic) =
561.4 Laser Doubled DPSS (Synthetic) =
» Filter Sets —— FF03-525/50 =
» Light Sources 20 I I '. | — FFO1-605/64 =
» Detectors
e / \ , ¥

350 400 450 500 550 600 650 700 750

Wavelength (nm)



520/70 nm BrightLine® Two-photon emission filter
Part Number: FF01-520/70-25

Left-click & drag to zoom. Right-click to save, print or reset

0
Legend & ASCII Data
1 — Measured ASCIl Dats
2
a
=
= 3
‘w
{ =4
@
(o]
™ -
o
"'E. Horizontal Axis
= 5 Range... Reset
nm® ocm'O
6 Vertical Axis
AL N T A WO 000
300 400 500 600 700 800 900 1000 1100 1200 1300 1400

Wavelength (nm)

+ Your filter spectrum may differ slightly from the typical spectrum above, but is certified to meet the optical specifications noted below.
+ Note that the change in blocking at 1120 nm is due to a change in the detector on the measurement equipment; the filter meets all optical

specifications noted below.

Description and Pricing

520/70 nm BrightLine® Two-photon emission filter

Ultrahigh-performance multiphoton fluorescence filters that accommodate a wide range of fluorescence dyes. Designed
to be a fixed component in any multiphoton or nonlinear (harmonic-generation) microscope, so that when desired
individual, narrower bandpass filters can be added without having to worry about the near-IR blocking of these filters. The
transmission bands of these short-pass emitters are so wide, they appear clear at normal incidence.



We use fluorescence because of
its sensitivity

Mountain by day Same mountain by night

Small signal Small signal
High background Low background

like absorbance like fluorescence



®NO A W

—

How good is a fluorophore?

. Excitation and emission appropriate Green dye

: j _ self-quenching
background worse in UV + with small Stokes shift
good match to filters on your microscope
look at other fluorophores at same time

. Bright

see small numbers of fluorophores,
low self-quenching, high QY and absorbance

Oregon
en

Conjugate fluorescence

T T T T T T T
0 2 4 6 8 10 12 14 16

. Stable to photobleaching Fluorohoresforoiei (okmol
exciting light damages fluorophore 5 oo, Ex =488 nm
Non-toxic ARAY
Environment-insensitive (especially to pH) E
Little non-specific binding
. Small :
Little blinking L E—
9. COSt) Wavelength (nm)

Fluorescein pH sensitivity 13



Photo stability

100 Y\R\"\-\_ 100 7 Alesca Fluor 547
= Alexa Fluor 438
Laser-scanning E 80 - '\»& H“ﬁ——qﬁ,_x 'g o0 Alaa Fluor 633
cytometry 2 e R
EL4 cells 28 oo 1
biotin-anti-CD44 ‘:-E C e gy
on Green 488 =
+ streptavidin EE 40 x‘“‘*—-ﬂfﬂ’; EE
conjugates 5 g xh_hn“‘“** S
94 TR T 709
0 | I T I | T T T | T &0 T I T T T I T |
1 2 3 4 5 8 7 8 98 10 1 2 8 4 5 & 7 8
Scan repetition Scan repetition

Fluorescein is the commonest dye
but has poor photostability.

Sl



Scavenge and prevent reactive oxygen species from forming.

For fixed cells:
Home made: 0.3% p-phenylene-diamine (Sigma)
or Propyl Gallate
Vectashield: Proprietary, very effective all round, affects psf
Dabco
Prolong Gold®

+ Prolong Gold

Untreated




CH
HO 5 'ﬁ’
C—OH
H.C 0" “CH
3 3
CH,

Trolox

€l
3
I

m10 ms

-Trolox +Trolox
s — d) hE—

10
e —

Blinking of single molecule of Atto647N on DNA,

Vogelsang Tinnefeld Ang Chem 2008

T o
a0 ms
106 100
e T

Trolox is an antioxidant that
can reduce bleaching
compatible with live specimens
water-soluble
working conc. ~100 uM
Ascorbic acid is an alternative
antioxidant
Depleting oxygen (especially
used for some single molecule
experiments) with Glucose
Oxidase and Catalase greatly
reduces bleaching.
Can stop not only bleaching
but also blinking



Why use small molecule rather than
genetically-encoded probes?

1. No need to transfect
hard for some organisms and
primary cells
easier to titrate
potential clinical application-
e.g. image-guided surgery

MMP-activated Cy5 peptide
labels tumour (RY Tsien 2010)

2. Probes often brighter, with bigger signal to noise
struggle to make GFP-based calcium reporter as good
as fura-like dyes
3. Probes with entirely different fluorescent properties
QD photostability, probes with long
fluorescence lifetimes, photouncaging
4. Smaller
e.g. calcium conc. right next to pore of ion channel



functional contrast in fluorescence imaging

» Functional sensors: calcium, voltage, pH, temperature .....
Very active and continuously developing field

> Fluorescence Recovery After Photobleaching (FRAP)
Measure diffusion process

» Fluorescence Correlation Spectroscopy (FCS)
Measure diffusion parameters and fluorophore concentrations

> Fluorescence (Forster) Resonance Energy Transfer (FRET)
Measure distance in nanometer range

» Fluorescence Lifetime Imaging (FLIM)



Fluorescence Recovery After Photobleaching
(FRAP)

A region i1s rapidly bleached and the rate at which fluorescence fills
the bleach region 1s determined by the diffusion of unbleached
molecules.

Small objects — fast diffusion

Large objects — slow diffusion

| § 4




Normalized absorption

I uoissjwg |

A \
E : —
(=] .
3 : Py
E ; Energy transfer
< .
- )
Donor Acceptor
FRET
7 Absorption Emission Absorption Emission
(Donor) (Donor)  (Acceptor) (Acceptor)
- I'lfl.”\l‘
I." \
] /
f /'_’
1 J(D)
460 480 500 520 540 560 580 600 620

Wavelength, nm

Normalized intensity

FRET

No FRET

488nm 488 nm 590 nm
excitation emission excitation emission

FRET

Ay =403 nm Ay, = 454 nm



| 3 [ Non-radiative Life time, ~ns, sensitive to environment
S, i | transition /
. ]
Absarption » Quenching by various ions: Ca, Cl, oxygen, pH ..
Fluorescence > FRET
> » Aggregation
g 3 > Local viscosity
52 » Proximity to metal surfaces
0 > .
Ground State
Raw data _ _,L FLIN fmage
-ll=ias [ Iterative convolution and fit .g ] el

(run in all pixels) ——» Decay parameters

Colour ——»

|

1. Photons in time channels ’

Il IRF N ~——+# Photon number
‘ Maodel function

. 4 Paciri et T et
HﬁTfT convoluted with IRF #'f i




Steps for fluorescence imaging

1. Label your sample with high quality
2. Choose right imaging technique
3. Image correctly

4. Apply proper post processing



Hot topics in optical imaging

Fluorescence
imaging

3D imaging Higher

resolution

» Confocal

» Multiphoton
> Light sheet

> Light field

» Sectioning SIM

» PALM/STORM
» STED
» Super-resolution SIM

» Expansion microscope



Problems in optical imaging

Spatial resolution

Penetration depth

Speed

Diffraction limit

Background noise

Limited numbers of photons
Tissue aberrations

Tissue scattering



Total Interal Reflection Fluorescent Microscopy (TIRF)

total r'eﬂection




i3y Evanescent field

Total Internal Reflection Fluorescence Microscopy

n1: High Refractive Index Figure 1

0

Illumination c

o

Evanescent
P Wave

Fluorophores " Z (Several Hundred
n2: Low Refractive Index Nanometers)




Single objective TIRF

® A Y
W N/
6]
©
© Oil immersion

NA>1.33
Objective based TIRF

Very low background and crisp image

Best for near cover glass






Due to extremely low background, nearly all the single molecule imaging

experiments were done using TIRF




Hot topics in optical imaging

Fluorescence
imaging

3D imaging Higher

resolution

» Confocal

» Multiphoton
> Light sheet

> Light field

» Sectioning SIM

» PALM/STORM
» STED
» Super-resolution SIM

» Expansion microscope



3D Imaging

» Confocal microscope
»Two photon microscope
»>Light sheet microscope

»>Light field microscope



Contfocal (Laser) Scanning Microscope

» Confocal: Two pinholes co-aligned (conjugated) to each other

» Scanning: Scan a focused laser spot to get intensities pixel-by-pixels

fluorescence

A A -—>

Excitation laser beam




Confocal and Widefield Fluorescence Microscopy

(e)

Figure 1 "



Confocal Scanning Microscope

In 1940 Hans Goldmann, ophthalmologist in Bern, Switzerland, developed a slit lamp
system to document eye examinations. This system is considered by some later authors as
the first confocal optical system.

Resolution: d,, = A
2*NA
g - A

fluorescence

Imaging resolution of GFP using water objective of different NA

-
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Spinning disk microscopy

Lens disk

—HRESE. R 2 S, Lens disk

T RS To Sensor ¢
RN pinhole disk

. Sample

ﬂ"'edive\w Objective
'n"_l'" Sample ﬁ iy L



Photon reassignment microscopy
Imaging shift microscopy

Conventional microscope 0 Photo
detector

[/

Photo re-assignment Multi-pixel photo detector

Best for samples with weak signals



Zeiss Alryscan

1. Mdirror 4. Airy disk 1. Mirror 4. Airy disk
2. Emission filters 5 Alryscan detector 2 Emission filters 5. Airyscan detector
3. Jovm apiics 3. Joom gl

Figure 1 Beampath Aliryscan Figure 2 Airyscan Fast mode



Two photon microscope

Theory of two photon absorption:

Maria Goeppert-Mayer

1 GM = 10e-50 cm4 s/photon

Excited State (E:E1)
~ ~

-~ Excitation Photon -
~ E=hf/2 ~

L=

Excitation Photon Fluorescence Fluorescence
E=Eq-Eg=hf Photon

Excitation Photon 4%

- E—

Ground State (E=Eq) -“’— “-——
One-Photon Fluorescence Two-Photon Fluorescence

Wide field: 1e4 W/m~2 1e16 W/mA2



Two photon microscope

Two-Photon Laser Scanning Fluorescence Microscopy

Femto second dye laser
WINFRIED DENK,* JAMES H. STRICKLER, WATT W. WERR

Science, Vol. 248, Issue 4951, pp. 73-76 (1990) 80MHz, 100fs pulse width
Fig. 1. (A) A stereo image
pair is syn from a

stack of six cross sections (xy
sections) with an axial ()
increment of 3 pm. Blue
(380 nm=A=445 nm)
fluorescence excited by two-

—> peak power is 125000 times of

the average power

mmodwm'l'd'rcdytﬂm
mm-ml.’i&andh:vcl:hm
measured  absorption  and

emission maxima at 365 and

image enhancement. The to-
tal time to acquire the dara
was Iﬁs‘rh:.n?mh'l..{ﬂ}'ﬂr
topmost four of the images,
xy secions, used to synthe-
size the sterco pair in (A).
Scale bar, 50 um,




Laser source

Ti: Sapphire Laser

Coherent Chameleon familiy




Two photon microscope

1-photon vs. 2-photon

Thin sample

uizny anajs Aq sojoyd

Fluorescence from Fluorescence from  Thick sample
out of focus planes focal spot only

Low laser intensity

Higher resolution

Less scattering
Low photo damage

Low photo bleaching



Two photon microscope

Brain Prize 2015

KAREL SVOBODA DAVID W TANK WINFRIED DENK ARTHUR KONNERTH

“invention, refinement and use of two-photon microscopy to provide detailed, dynamic
images of activity in individual nerve cells, dendrites and synapses, thereby transforming

the study of development, plasticity and functional circuitry of the brain.”



Time lapse two photon imaging of neuron plasticity

a Thalamocortical axon-GFP b Intracortical axon-GFP
- 2 86 194

Behavioral Experiments

d Layer 5 pyramidal cell dendrite~GFP

e Layer 2/3 pyramidal cell dendrite-PSD-95-GFF/DsRed Express

+90 min

Nature Reviews | Neuroscience



Two photon functional imaging




Light sheet microscope & whole brain imaging

Richard Adolf Zsigmondy

Fig. 1. The first arrangement for making ultramicroscopic particles visible.

Nobel Prize in chemistry in 1925



Light sheet microscope

A B
rﬁ“rﬁ
ktitatl objective 0 ulfﬁ o ———
o, a :& light sheet

static
light sheet




Light sheet microscope

Reconstruction of Zebrafish Early
Embryonic Development by Scanned
Light Sheet Microscopy

Philipp J. Keller,** Annette D. Schmidt,? Joachim Wittbrodt,>23%* Ernst H.K. Stelzer®

100 min X-y-projection X-Z-projection

100 ym

—_—
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Tomer, R. et al. Nature Methods 9, 755-763 (2012)



Light sheet microscope

Whole-brain functional imaging at cellular resolution
using light-sheet microscopy

Misha B Ahrens!, Michael B Orger?, Drew N Robson?, Jennifer M Li?® & Philipp ] Keller!

frontal view




Light sheet microscope

A Epifluorescence B sPIM i C ocPl

det obj Q
n det obj

Adjustable .
coupler Fiber
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~ch det obj
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Light sheet microscope

Whole-animal functional and developmental imaging
with isotropic spatial resolution

Raghav K Chhetri, Fernando Amat, Yinan Wan, Burkhard Hockendorf, William C Lemon & Philipp J Keller

b IsoView mode 1: sequential four-view imaging C IsoView mode 2: simultaneous four-view imaging

Objective 2 Objactive 4 Objective 2 Objective 4

Camera 2 Camera 4

o  Sample ‘ ', m - = =
I " Objective 2 Objective 4 L~
— D fippec) N . o
\ : Confocal y Confocal
= / (' = line detection ’ / 0 IirEehdetecti?n
(phase ¢,) ' phase ¢,
D
.) 0 ‘/z y \ \/
Objective 3 % Objective 1 Objective 3 Objective 1 B
.
[
d IsoView mode 3: two-color imaging . M (‘ Camera 1
W i L Camera 3 D
Objective 2 Ob]ectlve 4 Dbjectlve 2 Objective 4

Objectlve 3 Objective 1 &,
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—
Confocal
] G(énftoccia'l line detection
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intensity

dorsoventral view rotating view




Super resolution microscope

» STED Microscope
»Localization Microscope: PALM/STORM

»Structured lllumination Microscope (SIM)



Super-resolution microscope

A é’ I Interference of o
exciting light
5 | 5hpfr:ase with sample o
= — ' Shis structure
£ | Moiré effect|
Ex) . (—.—)
% 5 5 phase °
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.3 | reconstruction %
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Lothar Schermelleh et al. J Cell Biol 2010;190:165-175



STimulated Emission Depletion (STED) Microscopy
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STimulated Emission Depletion (STED) Microscopy

Lateral (XY) Axial (XZ) Axial (XZ) distribution of
iIntensity iIntensity excited molecules

Excitation beam (A, ) . .

STED beam (Agrep) o ) (
Excitation +STED . l

Lateral resolution
enhancement



STimulated Emission Depletion (STED) Microscopy

confocal




Structured Illumination Microscope (SIM)

a Fluorescence
Objective saturation
Diffractive )
grating

] Excitation

: pattern
Saturated
excitation

' pattern

Excitation



Structured Illumination Microscope (SIM)

Sample

epi fluorescence imaging

uniform illumination

X.:‘

glowing structure

Image



Structured Illumination Microscope (SIM)

Live imaging demonstrated

X-y z

Wide field 200 nm 600 nm 170 nm

resolution

Linear SIM 100 nm 300 nm 90 nm
1st

nonlinear - - 60 nm
SIM
2nd

nonlinear - - 45 nm
SIM

D. Li et a. Science, 2015; 349 (6251)




Localization microscope: PALM/STORM

Target structure Localizing activated subset of probes Super-resolution image

N\ K
:tk\‘t
\}‘1\,\

~

Ny

s

Resolution is limited by labeling density and photon budget of each fluorophore

~10,000 images are required to reconstruct one image



Localization microscope: PALM/STORM

Single-Molecule Superresolution Microscopy for Precise Localization

Figure 1



3D STORM

Ke Xu et al. Nature Methods 185-188 (2012)




EXpansion microscope

OPTICAL IMAGING

Expansion microscopy

Fei Chen,'* Paul W. Tillberg,?* Edward S. Boyden"**>-+

numination. (L) Scnematic oT lapbel that can be
anchored to the gel at site of a biomolecule. (E)
Schematic of microtubules (green) and polymer
network (orange). (F) The label of (D), hybridized
to the oligo-bearing secondary antibody top (top
gray shape) bound via the primary (bottom gray
shape) to microtubules (purple), is incorporated
into the gel (orange lines) via the methacryloyl
group (orange dot) and remains after proteolysis
(dotted lines). Scale bars, (B) and (C) N
5 mm. Schematics are not to scale.

(ii)

H 5 Oligonucleotide 3° ’
Methacryloyl Chemical «
Fluorophore,”




EXpansion microscope

Expansion microscopy
with conventional
antibodies and
fluorescent proteins
Tyler ] Chozinski'%, Aaron R Halpern',

Haruhisa Okawa2, Hyeon-Jin Kim!, Grant J Tremel!,
Rachel O L Wong? & Joshua C Vaughan!-}

Intensity (arb.)

s h s | s L
0.5 0 05
Position (um)

! . blOtCChn(ﬂogy

Protein-retention expansion microscopy of cells and
tissues labeled using standard fluorescent proteins
and antibodies

Paul W Tillberg" 2", Fei Chen®*!, Kiryl D Piatkevich?, Yongxin Zhao?, Chih-Chieh (Jay) Yu??,

Brian P English?, Linyi Gao?, Anthony Martorell’, Ho-Jun Suk®®, Fumiaki Yoshida”-*, Ellen M DeGennaro™*,
Douglas H Roossien®, Guanyu Gong?, Uthpala Seneviratne?, Steven R Tannenbaum?, Robert Desimone™$,
Dawen Cai” & Edward S Boyden?5#

m 1

g

o ° ° ° ° °

2 Nanoscale imaging of RNA with expansion microscopy

=

E Fei Chen!->10, Asmamaw T Wassie!=319, Allison J Cote?, Anubhav Sinha®, Shahar Alon%3, Shoh Asano??,

Evan R Daugharthy®7, Jae-Byum Chang?3, Adam Marblestone?3, George M Church®$, Arjun Raj* &
0 Edward S Boyden!-3?
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