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2020 - Light microscopy in CellulardBioIogy

Overview of the Course

1) Introduction
What Can You Learn with a Light Microscope?
Early History of Microscopy

2) Image Formation
Lenses and Image Formation
Microscope Imaging and Koehler lllumination
Objectives and Eyepieces
Diffraction and Point Spread Function

3) Resolution , What is Light?
How to Focus and setting up Koehler lllumination

Early microscope




2020 - Light microscopy in Cellular Biology

Overview of the Course

4) Contrast Generation for Transmitted Light
Darkfield and Phase Contrast Microscopy
Polarized Light and Polarization Microscopy
Differential Interference Contrast (DIC) Microscopy

0) Fluorescence Microscopy

Introduction to Fluorescence Microscopy

Fluorescent Probes / Fluorescent Proteins
Optical Sectioning and Confocal Microscopy

Light Sheet Sectioning




'\~ 6) Super-Resolution:

2020 - Light microscopy in Cellular Biology

Overview of the Course

Total Internal Reflection Fluorescence (TIRF) Microsc - @ Reh

Overview and Stimulated Emission Depletion (STED)] -' '- 0 i
L ocalization Microscopy |

Structured lllumination Microscopy (SIM)

/) Photobleaching and Photoactivation
Forster Resonance Energy Transfer (FRET) Microscopy

Fluorescence Lifetime Imaging Microscopy




’ , 2020 - Light microscopy in Cellular Biology

Overview of the Course

8) Designing a Fluorescence Microscopy Experiment

THE CELLS CoNGREGATED IN ONE

| ' [ REA, UNDULATED TFER MEMBRANES,
Labeling Proteins with Fluorescent Probes AR ONULATED TIER MEHBRANES

Correlating Fluorescence with Electron Microscopy

) Introduction to Digital Images

10)  Quantitative Analysis of Biological imaging Microscopy [N
Cameras and Detectors |I: How Do They Work? R —

11) Image Analysis / Deconvolution Microscopy
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(a) Conoscopic image of objective back
focal plane diffraction spectra when air is
the medium between the cover slip and
the objective front lens. (b) Diffraction
spectra when immersion oil of refractive
index similar to glass is used in the
space between the cover slip and the
objective front lens.
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Point Spread Function (P
PSF describes the probablllty for an area where a given point will appear.

When single point resolution is concerned, the

. radius of the inner ring, as shown in the figure, is
used to define the resolution, thus called

: resolution element (resel). When point-to-point
resolution is concerned, the resolution is defined
as the distance of the two points where the

i maximum of one point is just above the first

minimum of the second point (Rayleigh criterion).
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Airy disks and resolution. (a-c) Airy disk size and related intensity profile
(point spread function) as related to objective numerical aperture, which
decreases from (a) to (c) as numerical aperture increases.
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Light in Microscopy

(e) Two Airy disks so close together that their central spots overlap. (d)
Airy disks at the limit of resolution.
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Airy Disks and Diffraction Pattern Intensity Profiles
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Microscope Resolution

« ability of a lens to separate or distinguish small
objects that are close together

« wavelength of light used Iis major factor in resolution
shorter wavelength = greater resolution
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Manufacturer = ___ —— Screw Thread

Flat-Flold , éberrat:on
at-rle Kk = orrection
Correction ol.. "IPy :
— A - Numerical , ) _ . ,
Linear P an Po Aperture Magnification Numerical Aperture Depth of Field (M)
Magnification 60;’&[’1 407Q,
-#&c H Immersion 4x 0.10 15.5
Specialized - Medium 10x 0.25 85
Optical ~0l0:17 WD g 3, 0.40 58
Properties A o P Working 40 0.65 1.0
; : Distance 6 0.85 0.40
Tube Length | s 100% 0.95 0.19
g ’i’_L 1 Color Code
Cover Slip ’ -9 . ;
Thickness o 5 Finger Grip

Spring-Loaded
=— Front Lens

Specifications engraved on the barrel of a typical microscope objective. These
include the manufacturer, correction levels, magnification, numerical aperture,
immersion requirements, tube length, working distance, and specialized optical
properties.



Common Lens Aberrations in Confocal Microscopy

Axial Chromatic Aberration
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Lens aberrations that affect objective performance may be divided into two
categories, including those that are non-chromatic (invariable with wavelength), and
the chromatic aberrations, which are wavelength dependent. The chromatic
aberrations are characterized as either lateral chromatic aberration or
longitudinal chromatic aberration, and the wavelength independent group
includes spherical aberration, coma, astigmatism, field curvature, and

distortion.



Light in Microscopy

Corrections for Aberrations

Flatness
Type Spherical Chromatic Correction
Achromat ®5 2c No
Plan Achromat *E 2= Yes
Fluorite 3¢ <34 No
Plan Fluorite 34 <34 Yes
Plan Apochromat 4= =4 Yes

2 Source: Nikon Instrument Group
® Corrected for two wavelengths at two specific aperture angles.
* Comected for blue and red - broad range of the visible spectrum

4 Corrected for blue, green and red - full range of the visible spectnum.

® Comrected for dark blue, blue, green and red.

Achromatic
Objective

Fluorite
Objective
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Common Objective Optical Correction Factors
10x Achromat 10x Fluorite 10x Apochromat
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Objective
Rear Focal
M Type Medium WD MNA d i DOF B
(n) (i) {pm) (pom)

5 Achromat | 0.9 012 2.80 3519 0.1

10 Achromat | 4.4 0.25 1.34 .80 0.4

20 Achromat | 0.53 0.45 0.75 272 1.0

25 Fluorite 1.515 0.21 0.8 0.42 1.30 6.6

40 Fluorite 1 0.5 0.75 0.45 008 2.0

40 Fluorite 1.515 0.2 1.3 0.26 049 17.9

Gl Apochromat 1 0.15 0.95 0.35 061 2.3

Gl Apochromat 1.515 0.0 14 0.24 043 10.7

100 Apochromat 1.515 0.0 14 0.24 043 R

“The magnification (M}, tvpe of lens design, refractive index (n) of the intervening medium (air or
immersion oil), working distance (WX, numerical aperiure (NA). minimum resclvable distance (d), depth
of field (IDOF), and brightness (B) are indicated. Terms are calculated as: wave-optical depth of field,
nA/NAZL brightness in epi-illumination mode, 104 NAYMI Resolution and depth of field are discussed in
Chapter 6.

Condenser
Aperture
Diaphragm
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specimen



L ; : g UNIVERSITA
Objective configuration S DEGLISTUDI DI TRIESTE

Slide Air
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* many types one target = contrast generation
—bright-field microscope
—dark-field microscope
—phase-contrast microscope
—DIC-microscope
—fluorescence microscope
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» produces a dark image against a brighter
packground
* has several objective lenses

— parfocal microscopes remain in focus when
objectives are changed

* total magnification

— product of the magnifications of the ocular lens
and the objective lens
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The Dark-Field Microscope

« produces a bright image of the object against a dark
background

* used to observe living, unstained preparations
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The Phase-Contrast Microscope

 enhances the contrast between intracellular
structures having slight differences in refractive
Index

» excellent way to observe living cells
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The Differential Interference Contrast T ST T TR T

Microscope

e creates image by detecting differences in refractive
Indices and thickness of different parts of specimen

« excellent way to observe living cells

26
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The light from source (1) pass
through  neutral density filter,
aperture, field stop (2,3,4) for Kohler
illumination adjustment, reaches
excitation filter(5). After filtering
away unwanted
wavelength, excitation light goes
further and reaches a special and
important filter called beam splitter
(6), BSP for short. The excitation
light selected by BSP is reflected to
the specimen via objective (7) and
excites fluorophores within
specimen (8).

g g wy |

The fluorescence emission from the specimen comes back through the same path
to BSP again. This time, the light should not be reflected away but passes through
it and reaches emission filter(9). Being further filtered by emission filter, the
emission light is either focused on the front focal plane of binocular or projected to
infinite by tube lens in case of infinite corrected objectives(10). The final image

Is further magnified by binocular(11).
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Dichroic Aperture

Mirror Diaphragm

Emission | Lamp

Filter I
| | ;
Exciter Field Collector
Filter Diaphragm Lens

Objective

Schematic diagram of the configuration of reflected light fluorescence microscopy.
Light emitted from a mercury burner is concentrated by the collector lens before
passing through the aperture and field diaphragms. The exciter filter passes only the
desired excitation wavelengths, which are reflected down through the objective to
illuminate the specimen. Longer wavelength fluorescence emitted by the specimen

passes back through the objective and dichroic mirror before finally being filtered by
the emission filter.



Arrow 1 represents the excitation
light source of mixed wavelength.
Filter A is the excitation filter, which
is usually a band pass or long pass
filter, allows light at certain
wavelength range or wavelength
longer than cut-off value to go
through.
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Arrow 2 represents excitation light which passes through A and reaches the
surface of Beam Splitter B, BSP is a special filter which reflects certain
wavelength away but permit other wavelength to pass. A multiple-bands
reflecting filter or neutral percentage splitter can be used for this role.
Wavelength falling into the reflecting band or shorter than the cut-off value will
be stopped and reflected to the specimen. The fluorescence light emitted from
specimen is illustrated as Arrow 3. The emission is longer than excitation
wavelength and cut-off value of the BSP, so the returned emission can go
through the BSP towards emission filter C.
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Jablonski diagram illustrating the processes involved in creating an excited
electronic singlet state by optical absorption and subsequent emission of
fluorescence. @ Excitation; @ Vibrational relaxation; ® Emission.
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Interference Filters for Fluorescence Microscopy
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Electronic Absorption and Emission Bands
Photon Energy (Electron-Volts)
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= Stokes shift

Emission

Wawelength [nm)

Normalized absorption and fluorescence emission spectra of fluorescein-conjugated IgG.
Both spectra span a wide range of wavelengths. Fluorescein has an absorption/excitation
peak at 492 nm, but is also stimulated by ultraviolet wavelengths. Fluorescein emission has
a peak at 520 nm and looks yellow-green to the eye, but actually fluoresces at wavelengths
ranging from blue to red. The difference in nanometers between the excitation and emission
maxima is called the Stokes shift.
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FLUORESCENT PROTEINS AND PROBES [ Hitatia

EGFP
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Laser In practical, a point-like light source is achieved
by using a laser light passing through a
illumination pinhole.

Confocal This point-like light source is directed to the
w==— Pinholes specimen by a beam splitter (or AOBS in Leica's
BSP-free system) to form a point-like

ST illumination in the specimen.

Detector 1 e point-illumination move or scan on the
specimen by the help of a scanner. The reflected
emission light from specimen's focal plane
passes through the detecting pinhole and form
point-like image on detector PMT (photon

Beam
Splitter

_______________ multiply tube).

PMT converts detected photon into electron.
.- MetIn Foeal Plane It is possible to amplify weak signal by
—— In Focal Plane manipulating the voltage (gain) on the tube. It is
"mooooo- Metln Fecal Plane also possible to cut off background signal by set

certain threshold (Offset) on the tube.



. #4% UNIVERSITA
What is confocal? 220 DEGLISTUDI DI TRIESTE

Widefield versus Confocal Point Scanning of Specimens

Cover
/Glass\
- Specimen—
“~ Microscope ="
Slide
Widefield illumination

Point Scannin
(Large Volume) 5*322,‘,‘?" (Small Volume%

Figure 4
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Laser scanning confocal Microscope (LSCM)

A
Sample

Classplaten |
3
\

Objective lens

lllustration of confocal optics. Fluorescence from the sample is collected by a
objective lens and directed toward a pinhole aperture. The pinhole allows the
emitted light from a narrow focal plane (red solid lines) to pass to the detector,
while blocking most of the out-of-focus light (black dashed lines).
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1. A point light source for illumination
2. A point light focus within the specimen
3. Apinhole at the image detecting plane

These three points are optically conjugated together and aligned
accurately to each other in the light path of image formation, this is
confocal.

1. Confocal effects result in supression of out-of-focal-plane light,

supression of stray light in the final image

Confocal images have following features:

void of interference from lateral stray light: higher contrast.

void of supperimpose of out-of-focal-plane signal: less blur, sharper

image.

Images derived from optically sectioned slices (depth discrimination)

Improved resolution (theoretically) due to better wave-optical

performance.

PROBLEMS
confocal effect is obtained at a cost of reduced detecting volume (total signal
amount), increase vulnerability to noise, reduced dynamic range.

W

o o
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Confocal Microscope

Lateral Lateral

with pinhole

Axial Axial

with pinhole



Lateral and Axial Resolution in confocal system

RESEL
0.514em
REEIEJ{EE’I = A 50 -100 nm with interpolation
REE|EtEF:EI| _ 037 Aex 100 -150 nm with interpolation

A4



gm&%
> s

o

;

UNIVERSITA
DEGLI STUDI DI TRIESTE

Confocal scanning
Conventional light microscope laser microscope

Biofilm Biofilm

Depth of Depth of . ) ' XN
light Depth of light @0)]0] (YO :)epth of
collection focus collection .,I. ocus

LXIOCE
.". x /.Q._ /
XL I X

Image in field of view Image in field of view
(a) g (b) 9



Laser scanning confocal Microscope (LSCM)

| —Photomultiplier
Detector

Detector Laser Scanning
Pinhole Confocal Microscope
Aperture — Optical

Out-of-Focus Configuration

Fluorescence - Light Rays
Barrier Excitati Laser
Fiiter R tar Excitation
In-Focus Source
Light Rays |

It utilizes laser and illumination
pinhole to get point-like light
source illumination on the
specimen.

Detecting pinhole is used to get
rid of out-of-focus signal. PMTs
are used as detecting device.
The main advantage of this type
Is its combination of good image
quality, versatile functionality
and reliability.
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MOLECULES LOCALIZATION
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Confocal and Widefield Fluorescence Microscopy

(e) (f)

Figure 1

In a conventional widefield optical epi-fluorescence microscope, secondary
fluorescence emitted by the specimen often occurs through the excited volume
and obscures resolution of features that lie in the objective focal plane.
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Confocal Microscopy is the only way to get a true Z-stack for 3-D
reconstruction from light microscope.
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Confocal Microscopy is the only way to get a true Z-stack for 3-D

reconstruction from light microscope.
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Confocal Microscopy is the only way to get a true Z-stack for 3-D

reconstruction from light microscope.

Pollen Grain Serial Optical Sections by Confocal Microscopy

Figure 6
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Simultaneous and Sequential Line Scanning in Confocal Microscopy

Nye” ) (8)
AF 488 Channel 1 Cy3 Channel 2

= -
Argon-lon (488 nm) T
(Channel 1) ) /,
= z y
He-Ne (5§43 nm) v
(Channel 2) <X Simultaneous Figure 4
Sequential Scanning Scanning
Bleed-Through Management in Fluorescence Protein Imaging
Absorption Spectral Profiles Emission Spectral Profiles
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80 [ .
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LINKS and TUTORIALS

http://www.microscopyu.com

tutorials

http://www.microscopyu.com/tutorials/java/objectives/immersion/index.html

http://www.microscopyu.com/tutorials/javalvirtual/confocal/index.html
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0000000000000 000000°
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http://www.olympusfluoview.com/theory/index.html
tutorials

http://www.olympusfluoview.com/java/confocalsimulator/index.html

http://unitsconfocal.googlepages.com/
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« produces a bright image of the object against a dark
background

« used to observe living, unstained preparations

63



Figure 2.7b
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The Phase-Contrast Microscope

« enhances the contrast between intracellular
structures having slight differences in refractive index

« excellent way to observe living cells

65



Figure 2.9
66

Dark image with bright background results

Image plane

Amplitude contrast is produced by
light rays that are in reverse phase.

Phase ring

Phase plate

—

Most diffracted rays of light pass through
phase plate unchanged because they
miss the phase ring.

Direct light rays are
advanced 1/4 wavelength as they

ass through the phase ring.
B g £ - Q‘__....-—-— Diffracted rays are retarded
1 1/4 wavelength after
passing through objects.
Condenser
= ] —
Annular stop
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Bacterium Ray deviated by
specimen is 1/4
wavelength out
of phase.

Figure 2.10

67

Phase
plate

Deviated ray is
1/2 wavelength
out of phase.

Deviated and
undeviated rays
cancel each other
out.
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