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Light: the electromagnetic spectrum
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What is Fluorescence?

Fluorescence is the emission of light by a molecule that has absorbed light

Excited states

Ground state =

(resting) o

Molecules have discrete levels of energy



What is Fluorescence?

Fluorescence is the emission of light by a molecule that has absorbed light

Excited states

E=hv
A= 480 nm .

Absorbed
excitation light

Ground state =
(resting)

A photon is the energy unit for light to interact with matter



What is Fluorescence?

Excited states + non-radiative

transition

E=hv
A= 480 nm —~

Absorbed
excitation light

Ground state
(resting)



What is Fluorescence?

Excited states

E=hv
A= 480 nm A
"y Emitted
Absorbed - | N light
excitation light (Fluorescence)

Ground state
(resting)

Fluorescence has higher wavelength than absorbed light



The full picture is represented on the Jablonski diagram...
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Fluorescence Spectra

Fluorescein (FITC)
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Fluorescence Spectra

Fluorescein (FITC)
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Fluorescent probes for microscopy

Genetically encoded fluorescent proteins

- GFP, YFP, mCherry

Organic dyes

- Alexa, ATTO, Fluorescein, DAPI, Cyanine (Cy3, Cy5)
- Fluorescent labelled antibodies (immunofluorescence)

Inorganic dyes

- Quantum Dots

Endogenous species

- Elastin, collagen, metabolic coenzymes (NADH, FAD)



Why Fluorescence?

Chris Teren: https://www.youtube.com/watch?v=PhclTQ3g0s8

CONTRAST



Why Fluorescence?

e \Weak signal against dark background is easier to measure

¢ High signal to background - contrast

bright field (DIC) fluorescence Intensity profile



Why Fluorescence?

e Selective labeling

e Ease of multiplexing

e (Quantitative

Microtubules
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Why is the background black In a fluorescent image ....7



Widefield
deconvolution

Confocal

TIRF
FCS
dSTORM

PALM
Multi-photon
STED



Fundamental problem in fluorescence microscopy

STRONG WEAK
illumination fluorescence signal

%roduce high-efficient illumination of the specimen

J capture weak fluorescence emission

EMISSION
fluorescence

Hlumination

EXCITATION Drehroite wirror



Dichroic mirror - at the heart of fluorescence microscopy

Dichroic mirrors are made by coating a glass substrate with a series of optical coatings

Incident Light
“unwanted” wavelengths

Reflected Light

Transmitted Light

“wanted” fluorescence m




Dichroic mirror - at the heart of fluorescence microscopy
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Dichroic mirror - Spectral properties
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Dichroic, excitation and emission filters

... related to dye spectrum

Fluorescein (FITC)
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What about multiplexing...?

Fluorescein (FI'TC), GFP
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http://www.olympusmicro.com/

What about multiplexing...?

Rhodamine (TRITC)
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http://www.olympusmicro.com/

What about multiplexing...?

mCherry, Cys

Filter Block Turret ok \
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Interference

Block (Cube)



http://www.olympusmicro.com/

What about multiplexing...?

Polichroie
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Components of a microscope: Brightfield vs. Fluorescence

Transmitted Light (Brightfield)
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Epifluorescence vs Brightfield light paths (inverted)

Brightfield

= Excitation
Emission

Filter Cube




Widefield Fluorescence Microscopy

The whole field of view is collected at once

BPAE cells
Mitotracker Red (magenta)
DAPI (cyan)



lllumination sources for widefield fluorescence microscopy

Mercury Arc Lamp UV and Visible Emission Spectrum
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lllumination sources for widefield fluorescence microscopy

State of the art for

widefield fluorescence LEDs Light Emitting Diodes
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Simply Better Control

g/ X P

/ || ‘v \l

[ ‘ \
- [AYA
D 3 I J ‘

s J / \
m -= } '| \
- A
U & [\ \
w o | \
o= | \ \
v \ \
! \ \
/ N\ \
; Aol N
\‘\ > -
- - e ——— -

Vv .
RS : : .
G - ' |
Z [365]¢ [@00] §[4a0 [ ] 550 585 615 | : :
-l = ; : . - - - -
s "New LED wavelengths ane continuaily DBemg developed, vait www coolled com Sar the Btest st

http://www.coolled.com/product-detail/led-wavelengths/

- Wide range of lines available - 25,000 h



lllumination sources for fluorescence microscopy

TI R F (light amplification by stimulated emission of radiation)

2-photon

Laser lllumination Source Emission Spectra
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Part2 Tips on sample prepé}r )

Fixed samples

(in vivo lecture 9)



Why work with fixed material?

1. Convenience / Throughput
2. Widely applicable molecular labeling:
Immunofluorescence

FISH

3. Ease of multiplexing bright stable labels



Immobilising the specimen

Sample holder must be suitable for imaging

Do not use medium with Phenol red
for imaging




Typical Immunocytochemistry protocol

Most are variants of the following basic steps:

—h

. Fixation (e.g. PFA)
Permeabilisation (e.g. detergent)
Washes (e.g. PBS)

Blocking (e.g. serum)

10 antibody

Washes (e.g. PBS)

20 antibody

Washes (e.g. PBS + H20)

© © N O O & W

Mounting (e.g. Vectashield)

by Eva Wegel



Fixation: preservation of cells or tissue in a life-like state

1. Preserve structural features
2. Uniform fixation throughout the sample
3. Enable dye labeling

4. Reduce background fluorescence

Microtubules in Drosophila macrophages
Left :

Live cells expressing Jupiter-GFP

Right:

PFA fixed cell stained with anti-tubulin
antibody and Alexa Fluor 488




Types of Fixation

Denaturing fixation: Cross-linking fixation:

Cold methanol Formaldehyde (PFA)

destroys 3D protein structure binds to proteins and some lipids,

dissolves lipids into micelles but not RNA, DNA or most sugars

Sometimes a combination of both is necessary ...



Permeabilisation

Removal of some lipids with detergents

@
Tween 20

@

Triton X-100

@)

Goal: to allow large labels (antibodies) to penetrate fixed cells/tissue



Blocking

Reduction of nonspecific staining

done with a solution containing excess of protein

Q , Bovine Serum Albumin (BSA)
| \ @ Casein (or non-fat dry milk)

blocking proteins prevent low-affinity antibody
interactions elsewhere in the sample

,,,,,



Immunolabeling (antibodies)

Antibody (large Y-shaped protein called immunoglobulin) produced by the immune

system, found in the blood or other body fluids of vertebrates.

The antibody recognises unique parts of the foreign target called an antigen.

ey

Conserved among species

VARIABLE 9
Antigen binding site



Immunolabeling (antibodies)

Direct

immunofluorescence

Alexa 488

Indirect
immunofluorescence
or secondary detection

mouse anti-tubulin

Primary
antibody

goat anti-mouse
RN

Secondary
antibody

® tubulin

Epitope



» Non-hardening

Vectashield

> Short-term storage (days to few weeks)

DabCO, GlicerOI, VeCtaShield (antifading agent, but does not work with FarRed dyes)

» Hardening Prolong Gold

-Long term storage (months)
> It can flatten the cell it polymerises too tast

- Prolong Gold, Prolong Glass, Vectashield harset



Experimental controls: the key for reliable results

™ No primary or secondary antibody (autofluorescence)

M Incubate with secondary but not primary antibody

M Check cross-talk between dyes and microscope filterset

IZ Test specificity in knock-out /knock-down cells
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PSF (Point Spread Function) in fluorescence

Point Spread Function

© microscope performance
> spherical aberrations

o X, Y, zinfo

© Image quality

- alignment

- optical resolution



PSF (Point Spread Function) in fluorescence

Point Spread Function

real object ideal image observed image

Light is emitted in all directions If all light was collected and if But the point actually looks
light would travel in straight lines blurred / distorted because of
diffraction (Airy diffraction pattern)

Fluorescent bead, single dye, or a fluorescent protein as a point source of light



PSF (Point Spread Function) in fluorescence

Orthogonal view
red fluorescent 170 nm bead

Changing the focus

Airy disk diffraction pattern
(concentric rings)

Light waves emitted from a point source are not
focused into an infinitely small point by the objective

They converge together and interfere in the image plane




PSF is the 3D image of a point-like object under the microscope

Orthogonal view
red fluorescent 100 nm bead

What can we observe?

Blur is broader in zthanxy M RESOLUTION

- How symmetric is the distribution

M ALIGNMENT, SPHERICAL ABERRATIONS, MISMATCH REFRACTIVE INDEX



Why blurred and how is the Airy diffraction pattern generated?

Objective lens Image plane




Why blurred and how is the Airy diffraction pattern generated?

Objective lens Image plane

~in phase - Constructive interference




Why blurred and how is the Airy diffraction pattern generated?

Objective lens Image plane

iIn phase - Constructive interference

out of phase - Destructive interference




Why blurred and how is the Airy diffraction pattern generated?

Objective lens Image plane

iIn phase - Constructive interference

out of phase - Destructive interference

in phase - Constructive interference

/
c
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What does depend on...?

Objective lens Image plane

Numerical aperture

[ Higher numerical aperture, less distortion, higher resolution



What does depend on...?

Numerical aperture

: The Point Spread Function

- 0.8 4 s

- - V.

L Figure 1

206 NA = 1.3

8 --- - --FWHM

£

Q 0.4 el

=

3 Zero Intensity

x 0.24 Rayleigh
Limi

Y Position (um) -2 X Position (um)

lZHigher numerical aperture, less distortion, higher resolution



PSF is a way to measure resolution

As the Full Width at Half Max N
(FWHM) of the PSF 2

_ l FWHM

[ | =0.353 2/NA
As the diameter of the Airy disk . \__
(first dark ring of the PSF) . .
= "Rayleigh criterion”

| |
‘_ . |

Airy disk diameter
= 0.61 A/NA



How is the PSF of a small object?

300 nm

1.4NA objective
;\. = 0.48 um



How is the PSF of a small object?

300 nm

@ | 0| o * . -
100 nm 80 nm 70 nm 50 nm 30 nm 10 nm

1.4NA objective
}\. - 0.48 Hm

d = ~ 170nm

Abbe’s diffraction Limik



How is the PSF of many small objects?




PSF of many small objects

300 nm

.‘ :.
50 nm 30 nm

Rayleigh
criterion

S

Unresolved Resolved



OTF (Optical transfer function)

Used in widefield-deconvolution and Super-resolution (SIM)

OTF is the| Fourier transform|of PSF
FT algorithm computes

a signal into its

frequency domain

PSF Fourier OTF
spatial domain ~=——1-3  gpatial frequency domain
X,V, Z transform

OTF represents how spatial frequencies are handled by the optical system

How often it happens in space?



OTF (Optical transfer function) is the Fourier transform of PSF

PSF OTF

Fourier
—

transform

Inverse Fourier
D

transform




OTF (Optical transfer function) is the Fourier transform of PSF

Llower frequeMties
towards the centre



IN an image?

What are spatial frequencies ...




Lower frequencies - blurred




Higher frequencies - sharp
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Fourier Inverse Fourier
transform transform




It’s very easy to detect certain features in the frequency domain

All frequencies

What does it represent?

Back Aperture Ob jective

scope passes low frequencies (large and
th) and excludes high frequencies




It’s very easy to detect certain features in the frequency domain

All frequencies Just lower frequencies Just higher frequencies

Inversel« Fourier transform ¢




Widefield Deconvolution

A B .J?:
f

- “_ . ) w

BPAE cells with Mitotracker Red (magenta) and DAPI (cyan)



Widefield Deconvolution

Nuclei from BPAE cells stained with DAPI (cyan)



Conclusions

k

B

Why is fluorescence? CONTRAST

Dichroic mirror - separates illumination (excitation) from fluorescence (emission)

Fluorescence microscope:

* iIIuminatio»reflected (opposed to transmitted) . .

* objecti Inates and collects fluorescence (both *
Tips on fixed s rﬁple preparation

Point Spread Function and Optical Transfer Function

-

enser” and objective)

+ Widefield fluorescence microscopy collects the whole field of view at once; it’s fast

and very sensitive and you can have deconvolution for free






