) University of
7 Zurich™

Center for Microscopy and Image Anaylsis

Introduction to light
microscopy

Imaging with light / Overview of techniques
Urs Ziegler

ziegler@zmb.uzh.ch

Light interacting with
matter

Absorbtion
Refraction

Diffraction

Scattering

= ‘
C sy

19.03.2012



Light interacting with
matter

Absorbtion
Refraction
Diffraction

Scattering
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Light interacting with
matter

Light emitted from fluorochromes

How is an image formed?

Why are there limits in resolution?
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Imaging with light / Overview of techniques

Image formation in a nutshell
Resolution limits

Introduction to light
microscopy

Light emission from molecules and fluorescent imaging

Methods and techniques in microscopy
Widefield microscopy
Confocal laser scanning microscopy
Fluorescence energy transfer

Fluorescence recovery after photobleaching

In vivo microscopy

Selective plane illumination microscopy

Superresolution techniques
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Fundamental Setup of
Light Microscopes
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Fluorescence in
microscopy
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Jablonski scheme

Fluorescence in
microscopy

Advantages:

Very high contrast resulting in
high sensitivity

Tagging of specific entities
possible

Excitation / emission allows for
various variants of microscopy
techniques
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Diffraction at an aperture
or substrate

Disturbance of the electric field of
a planar wave front by diffraction
upon passage through an
aperture

A mixture of particles diffracts an
incident planar wave front
inversely proportional to the size
of particles

Resolution and aperture
angle

Concept:

Object is approximated with self
luminous points

Image of each individual point is
not influenced by any other points
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TheOfy/ 0.1 um bead Spatial resolution in x,y
focal plane Implications:
* * * mplications:
Reality Objects smaller than the

resolution limit of the chosen
objective will always be 1Airy disk

Objects larger than the resolution
limit of the chosen objective will
always be the size of the object
convolved with the optical transfer
function

Note: the optical transfer function
is a function describing how the
imaging is occurring in the
microscope

Crossection

Resolution and size of Airy
disk

et Concept: an image of an
‘—’ ' extended object consists of a
[ 2 p ' . pattern of overlapping diffraction

spots

Resolution: the larger the NA of
the objective, the smaller the
diffraction spots (airy disks).

Note: this theme of diffraction
limited spots and their separation
' in space and time will again be
& used and taken up in

- . .
o \ superresolution microscopy.
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Resolution and Rayleigh
criterion

Resolving power of microscope:

d_0.61><x
T N4

(a) () ©

a) Single diffraction pattern pattern of overlapping diffraction
spots

Concept: an image of an
extended object consists of a

b) Two Airy disks with maximum of one overlapping
first minimum of the other

objects just resolved Resolution: the larger the NA of

c) Two Airy disks with maximum of one overlapping the objective, the smaller the
the second minimum diffraction spots (airy disks).
objects well resolved

TheOfy/ 0.1 um bead Spatial resolution in x,y

@ o and z

focal plane Objects are (always) 3

* * * dimensional

Reality

The resulting ‘image’ will also be a
3D ‘image’ in the image space
Again:

an image of an extended object

consists of a pattern of

overlapping diffraction spots
Crossection
1 pum
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Resolution and size of Airy
disk

v Objects are (always) 3
dimensional

The resulting ‘image’ will also be a
3D ‘image’ in the image space

Again:

an image of an extended object
consists of a pattern of
overlapping diffraction spots

Take home:

In widefield microscopy the out of
focus information is increasing the
background and results in low
contrast images

Resolution limits

0.61 X A
v =N

nx A

Z7 NA2

Resalution Limit Wavelength Object
uR o1 . Eimm These fgrmula are uged for the
Radio - calculation of resolution in
Humaneye —+ E— 100 um widefield microscopy.
Infrared — 10 ym
= In other techniques like confocal
T e ) laser scanning, multiphoton
- microscopy, etc other formula are
Light microscope —r L = 100 nm used.
10 nm
X,y-rays
1 nm
Electron >

microscope =—0.1nm
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Comparison of widefield
and confocal microscopy

Confocal microscopy has a very
high signal to noise ratio
_nXxA (prominent in thick samples)
27 NA?

Confocal microscopy allows well
resolved 3D imaging (without any
image processing)
Image acquired with a
widefield microscope

iz [ossﬂej [
n—/n°—NA?

Image acquired with a
confocal microscope

Confocal laser scanning
microscopy

Sample is excited by a diffraction
limited point of a focused laser
spot

Emitted fluorescent light from
focus is focused at pinhole and
reaches detector

(A

confocsl __ g Emitted fluorescent light from out-
pinholes .
\ of-focus is also out-of- focus at

dichvola pinhole and largely excluded from
B I ] ‘ detector
/
objective

\‘\ - 3-D specimen / /
& —foion! ® [}

detector
3

detector
a




Spine head sphericity

Spinning disk microscopy

Increase acquisition speed

Spinning Disk Microscope Configuration

Laser lllumination —

CCD Camera

Microlens
|

Barrier
Filter

Beamsplitter
Pinhole
Disc Pinhole
Excitation (Green)
Emission (Red)
Figure 7 “9)
Objective —— i
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Journal of Microscopy
Volume 218, Issue 2, pages 148-159, 27 APR 2005 DOI: 10.1111/j.1365-2818.2005.01473.x
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2818.2005.0147 3.x/full#f3

Performance comparison between the high-speed Yokogawa spinning disc confocal
system and single-point scanning confocal systems

Fluorescence recovery
after photobleaching

Image sample using widefield
microscopy

Bleach defined region using
intense illumination

Measure fluorescence intensity
over time in the photobleached
region

Time for recovery of fluorescence
is an indication for:

Diffusion
Mobility
Binding

19.03.2012
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Fluorescence recovery
after photobleaching

Image sample using widefield
microscopy

Bleach defined region using
intense illumination

Measure fluorescence intensity
over time in the photobleached
region

Time for recovery of fluorescence
is an indication for:

04—
Diffusion
Mobility

Binding

L
P

00220 4&%60M0 %10

Em=510nm Measuring properties: e.g.

39.8 pM free Ca®
Ca2+

Measurement:
ratio imaging with an excitation of
340 and 380 nm

Fluorescence excitation

250 300 350 400 450

high Calcium

low Calcium

Walch, M., E. Eppler, C. Dumrese, H. Barman, P. Groscurth, and U.
Ziegler. 2005. Uptake of granulysin via lipid rafts leads to lysis of
intracellular Listeria innocua. J Immunol. 174:4220-4227.
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Transfer of energy from donor to acceptor without light
emission from donor.

Ratio imaging of donor / acceptor or measurment of
increase in acceptor emission when exciting the donor.

Fluorescence resonance
energy transfer

1:Time 1=15s 2. Time 1=366 5

7

| i g
b Pseudo-color FRET ratio images

3:Time 1=1,256 s
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Palmer, A.E., and R.Y. Tsien. 2006. Measuring calcium signaling using
genetically targetable fluorescent indicators. Nature protocols. 1:1057-
65.

McCombs, J.E., and A.E. Palmer. 2008. Measuring calcium dynamics
in living cells with genetically encodable calcium indicators. Methods
(San Diego, Calif.). 46:152-9.
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Multiphoton
microscopy

Imaging deep into tissue

Pulsed infrared laser (700-

{ 1500nm) excites

/ fluorochromes by multiphoton
absorbtion

Excitation in a small volume
defined by the probability
(densitiy of photons high) of a
simultaneous multiphoton
absorbtion

19.03.2012
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No scatter Scatter

{

No scatter Scatter

Excitation

;

Multiphoton
microscopy

Imaging in scattering tissue
and deep into tissue

Pulsed infrared laser (700-
1500nm) excites
fluorochromes by multiphoton
absorbtion

Excitation in a small volume
defined by the probability
(densitiy of photons high) of a
simultaneous multiphoton
absorbtion

Ona
§ \/ All fluorescent photons
% a provide useful signals.
i/
w
¥

Helmchen and Denk, Nature Methods

2005
Brain Multiphoton microscopy

Combined electrophysiology

\

Thinned skull L2/3

Water immersion
[
§jon

Chronic window

Water immersion
Coverglass

_———=.
it

Helmchen, F., and W. Denk. 2005. Deep tissue two-photon microscopy.
Nature methods. 2:932-40.

Kidney

Living mouse: kidney (Hoechst, 10kD dextran
FITC, 150kD dextran Texas Red

19.03.2012
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Single plane acquisition 3D data acquisition Selective Plane
Conventional & confocal  Light sheet mioroscopy Light sheet microscopy . . .
lllumination  , Datection | Single view II | u m I n atl 0 n M I C ros CO py

@ __@@ "@ SPIM

i
i
i
+ lllumination x
I
i
i

XX Multi view

Specimen l W'f WY \'“'.
advantages of the light sheel-based approach: 1

Photo-gamage

4D imaging

a) intrinsic optical sectioning, i.e. capability 4
of 3D imaging improved axial resolution : - i H H

b) reduction of photo-damage in 3D image stacks reconstruction of large specimen nght sheet Imaglng teChanue
by a factor of n, where nis equal to the number

of planes in th stack ki sy Better signal-to-noise ratio

Low phototoxicity

-

Gurrert Opinion in Neurotiology

Single plane acquisition 3D data acquisition Selective Plane
Conventional & confocal  Light sheet microscopy Light sheet microscopy llumination Microsco py

lllumination , , Detection | Single view

i
i
i
+ lllumination x
I
i
i

XX Multi view

éo'f LEn »\m"

Photo-gamage

Specimen

advantages of the light sheel-based approach:
a) intrinsic optical sectioning, i.e. capability
of 3D imaging improved axial resolution
b) reduction of photo-damage in 3D image stacks reconstruction of large specimen
by a factor of n, where nis equal to the number
of planes in the stack
Current Gpinion in Newrobialogy

Curont Opian i Hewsbioogy

P Keller, P.J., and E.H.K. Stelzer. 2008. Quantitative in vivo imaging of
P entire embryos with Digital Scanned Laser Light Sheet Fluorescence
- d Microscopy. Current opinion in neurobiology. 18:624-32.
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Microtubule

Vesicles

_]1~100 nm

19.03.2012

Total internal reflection
fluorescence microscopy

TIRF
Laser excitation light is directed at

a tissue sample through a glass
slide at a specific, oblique angle

(critical angle)

Most of the light is reflected at the

interface between glass and the
tissue sample (total internal

reflection)
Induction of an evanescent wave

parallel to the slide
Decay of the evanescent wave

7
7
P
e
Z \
- — B / Evanescent field
e 0 e ~100 nm
- over 200 nm
Vesicles and
microtubules
inside evanescent
field
Stephens, D.J., and V.J. Allan. 2003. Light microscopy techniques for
live cell imaging. Science (New York, N.Y.). 300:82-6.
Total internal reflection
i fluorescence microscopy
Vesicles
Call - Microtubule
b

o i
/7
L ,{_/ Evanescent field
— ~100 nm
. Vesicles and
™~ \ microtubules
inside evanescent

1-100 nm

—
A

field

EPI
GFP- paxilin

GFP-actin
http://www.einstein.yu.edu/aif/instructions/tirf/index.htm
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15 um

Superresolution
microscopy

Beyond the diffraction limit

d=0.61A/NA

Confocal
Imaging EGFP in living cells has a
resolution of approximately 200
(XY) and 500 nanometers (Z)
Sample courtesy Martin Engelke, Urs
STED Greber, Institute of Zoology, University of

Zurich

Fluorescence microscopy

Super resolution

microscopy
Mitachondria
Virus
E'Y”a tic GOIQ\ Bacterial cell
vesic Yeast cell Mouse brain  Mouse
Protem lNudeus l Mammalian cell
|
Tnm 10nm  100nm Tum 10 um 100 um 1mm Tcm 0cm  resolution
PET Seconds
MRl or US Seconds
ocT - Seconds
WF or TIRF - MlHlseComds
Confocal I n\/lHlseconds
c
£ -~ G ) "o
o S I e ——————— R
@
B patworsToRM — Seconds
| i e g e e e et ey S A I e e 15 b S R b st
Nsom e — o
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Super resolution
microscopy

Enhanced PSF microscopy Statistical microscopy
SSIM STORM
Saturated structured Stochastic optical
illumination microscopy reconstruction microscopy
STED Eﬁ"-'v' ated localizati
Stimulated emission 'otoactivated localization
depletion microscopy

GSD

Ground state depletion

microscopy

Stimulated emission
depletion microscopy

STED

In STED, an initial excitation pulse
is focused on a spot.

The spot is narrowed by a second,
donut-shaped pulse that prompts
all excited fluorophores in the
body of the donut to emit (this is
the “emission depletion” part of
STED).

This leaves only the hole of the
donut in an excited state, and
Abbott Nature 459, 638-639 only this narrow hole is

(2009 detected as an emitted
fluorescence.

18



dummmm
G
L
Al

nwmwwmmmm
G
-mmmmummmh
G

Saturated structured
illumination microscopy
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Sample structure

o
\

.

MM

lllumination pattern

SSIM

I

AR

Image (Moiré)

Algorithm (calculation of sample structure)

Position of a single molecule can be localized to 1 nm
accuracy or better if enough photons are collected and
there are no other similarly emitting molecules within
~200 nm (Heisenberg 1930, Bobroff 1980).

Statistical microscopy —
Imaging single molecules

GSD
Ground state depletion
microscopy

PALM
Photoactivated localization
microscopy

STORM
Stochastic optical reconstruction
microscopy

19.03.2012
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Position of a single molecule can be localized to 1 nm
accuracy or better if enough photons are collected and
there are no other similarly emitting molecules within
~200 nm (Heisenberg 1930, Bobroff 1980).

Fitting Single-Molecule Pixel Data to a Gaussian Function

Full Width at Half Maximum
—

Localized
Raw Data Gaussian Fit Function Data Point

Price and Davidson
Florida State University

Figure 3

Statistical microscopy —
Imaging single molecules

GSD
Ground state depletion
microscopy

PALM
Photoactivated localization
microscopy

STORM
Stochastic optical reconstruction
microscopy
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Thank you
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