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MICROSCOPIA OTTICA IN BIOLOGIA CELLULARE [675SM]

date lesson/lab aula time

06/03/24 intro Aula Ex-Cla, C1 15-16
13/03/24 lesson1 Aula Ex-Cla, C1 15-18

20/03/24 Lesson2+lab sala microscopia F2, C1 15-18
27/03/24 lesson3 Aula Ex-Cla, C1 15-18

10/04/24 lesson4 Aula Ex-Cla, C1 15-18
17/04/24 lesson5 Aula Ex-Cla, C1 15-18

24/04/24 Lesson6+lab2 Aula Ex-Cla, C1 15-18
08/05/24 lab2 sala microscopia F2, C1 15-18

15/05/24 lab3 CIMA center, groupI 15-17
22/05/24 lab3 CIMA center, groupII 15-17

12 h lab + 16 h lessons



WHICH CONTRASTING TECHNIQUE?
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High resolution

High contrast 
High specificity 
Quantitative
Live Cell Imaging

WHY FLUORESCENCE MICROSCOPY?



FLUORESCENCE PRINCIPLE



BASIC CONCEPTS

• excitation light radiates specimen
•weaker emitted light to make up the image is separated
• use fact that the emitted light is of lower energy and has a longer

wavelength
• The fluorescent areas can be observed in the microscope

and shine out against a dark background with high contrast



Molecules absorbing the energy of electromagnetic radiation will jump to a higher energy
level. When certain excited molecules return to the ground state they emit radiation. This
phenomenon is known as fluorescence. Fluorescent molecules are known as fluorochromes
or fluorophores.







!

Actin - Rhodamine-phalloidin Imaged using an MRC 1000
Confocal Microscope, 40 x 1.3 NA Fluor

The “cube”

CHROMOPHORES

• Chromophores are components of molecules which absorb light

• e.g. from protein most fluorescence results from the indole ring
of tryptophan residue

• They are generally combined aromatic groups, planar or cyclic
molecules with several 𝜋-bonds

• Used alone as dyes or conjugated to macromolecules
(antibodies!!)



FLUOROPHORES (Fluorochromes, chromophores)



FLUORESCENT PROTEINS



MULTICHANNEL FLUORESCENCE

• Direct coupling to macromolecules

• Fluorescent dyes and substrates

• Fluorescent fusion proteins
• Fluorescent Antibodies

Arterial edothelial cell 
Ch1(Green) FITC Tubulin 
Ch2(Red) mitotracker 
Ch3(Blue) DAPI



FILTER COMBINATIONS

https://www.thermofisher.com/order/fluoresc
ence-spectraviewer#!/

Beware of light source!!
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FILTER COMBINATIONS

https://www.thermofisher.com/order/fluoresc
ence-spectraviewer#!/

Beware of filter cube!!



FILTER COMBINATIONS

https://www.thermofisher.com/order/fluoresc
ence-spectraviewer#!/

Farred is not visible to eye!!



FLUORESCENCE OVERLAP

Overlap of FITC fluorescence in PE PMT 
Overlap of PE fluorescence in FITC PMT

488 nm

Fluorescein
molecule

Fl
uo
re
sc
en
ce
In
te
ns
ity

450 500 550 600 650
Wavelength (nm)

PE
molecule

Band pass filter

575 nm



FLUORESCENCE OVERLAP



FLUORESCENCE OVERLAP

Overlap!!



Advanced Microscopy Techniques



5. Lesson 4 – Confocal, super-resolution and 2-photon microscopy
5.1. TIRF microscopy
5.2. Confocal microscopy
5.3. 2-photon microscopy
5.4. Superresolution microscopy
 5.4.1. SIM microscopy
 5.4.2. STED microscopy
 5.4.3. PALM microscopy
 5.4.4. STORM microscopy
5.5. FRET microscopy
5.6. FRAP microscopy

lab3



WHICH IMAGING TECHNIQUE SHOULD I USE?

Sam
ple

Thickness

Point scanning Confocal

2-photon confocal

TIRF (for samples at the coverslip)

Line-scanning confocal

1-5 µm

Wide-field (+deconvolution)
1-20 µm

Spinning Disk Confocal

10-100 µm

>20 µm

>50-100 µm

Se
ns

iti
vi

ty

Fast
Slow



NEAR FIELD IMAGING (NSOM)

-place microscope distance less than 1
wavelength from sample

-20-50 nm resolution

problem: cannot image into sample because of wavelength restriction



You need:

•TIRF objectives with high NA
•TIRF condensor, where you are able to change the angle of illumination

•Glass coverslips



TIRF

micro.magnet.fsu.edu

Result: very thin section at the bottom of the sample 150-200nm

Use: to study membrane dynamics (endocytosis, focal adhesions, receptor
binding) Nikon TE 2000



TIRF vs EPI

FAK-lasp in epi mode (wide field)

FAK-lasp in tirf mode (wide field)
Heather Spence, R10



Lasp in TIRF mode

Lasp in confocal sectioning

Heather Spence, R10

TIRF vs EPI



PRINCIPLE OF CONFOCAL MICROSCOPY
two pinholes are used:
• One pinhole is placed in front
 of the illumination source to allow
 transmission only through a small area
• only a point of the specimen is illuminated

at one time
• Fluorescence excited at the focal plane is 

imaged onto a confocal pinhole placed 
right in front of the detector
• Only fluorescence excited within the focal 

plane of the specimen will go through the 
detector pinhole
• Need to scan point onto the sampleC O N D E N S E R

L E N S
O B J E C T I V E

L E N S
B I O L O G I C A L  

S A M P L E

O U T - O F - F O C U S P L A N E

" P O I N T "  
S O U R C E  
O F L I G H T " P O I N T "  

D E T E C T O R  
A P E R T U R E

I N - F O C U S ( O B J E C T ) P L A N E
C O N T A I N I N G I L L U M I N A T E D S P O T  

O U T - O F - F O C U S P L A N E



Sample 3D -> Detector 2D
A pinhole allows only in-focus light through

Focused Light creates 
fluorescence which 
gets to detector

Light mostly
gets rejected

Smaller the pinhole, better out-of-focus 
discrimination but lose more signal.

Scan sample in x, y, z and reconstruct entire image

CONFOCAL DETECTION

3D sample



WIDE-FIELD vs CONFOCAL MICROSCOPY

a – light source

b – dichroic filter

c – objective lens

d – focal plane

e – specimen

f – light detector
g – confocal aperture



29-Mar-22

Fluorescence Microscope

Objective

Arc Lamp

Emission Filter

Excitation Diaphragm

Ocular

Excitation Filter

Objective

Laser

Emission Pinhole

Excitation Pinhole

PMT

Emission 
Filter

Excitation Filter

Confocal Fluorescence Microscope



WHEN TO USE CONFOCAL?

• Confocal is not a magic bullet
• It is extremely wasteful of photons
• Laser-scanning confocal is 100 – 200-fold less

sensitive than widefield





CONFOCAL MICROSCOPY
Fast imaging via moveable mirrors



3-D SECTIONING WITH CONFOCAL

3D-dimensional reconstruction of a series of 2D
images of PMMA spheres



A macrophage cell was stained with fluorochrome-labeled reagents specific for DNA (blue), microtubules (green), and actin
microfilaments (red). The series of fluorescent images obtained at consecutive focal planes (optical sections) through the cell
were recombined in three dimensions.
(a) In this three-dimensional reconstruction of the raw images, the DNA, microtubules, and actin appear as diffuse zones in
the cell. (b) After application of the deconvolution algorithm to the
images, the fibrillar organization of microtubules and the localization of actin to adhesions become readily visible in the
reconstruction.
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2-PHOTON EXCITATION

excitatio 
n emission emission

excitatio 
n

excitatio 
n

One-photon excitation Two-photon excitation

ground state

excited state

Two-photon excitation occurs 
through the absorption of two 
lower energy



FROM 2-PHOTON TO MULTIPHOTON…
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SINGLE- vs TWO-PHOTON EXCITATION
The cuvette is filled with a solution of a dye, safranin O, 
which normally requires green light for excitation. Green 
light (543 nm) from a continuous-wave helium-neon laser
is focused into the cuvette by the lens at upper right. It 
shows the expected pattern of a continuous cone, brightest 
near the focus and attenuated to the left. The lens at the 
lower left focuses an invisible 1046-nm infrared beam 
from a mode-locked Nd-doped yttrium lanthanum fluoride 
laser into the cuvette. Because of the two-photon 
absorption, excitation is confined to a tiny bright spot in 
the middle of the cuvette.

Image source: Current Protocols in Cytometry Online 
Copyright © 1999 John Wiley & Sons, Inc. All rights 
reserved.

Slide credit: Brad Amos, MRC Laboratory of Molecular Biology, Cambridge, United Kingdom

2·hν excitation



PENETRATION DEPTH

Comparison of imaging penetration depth between confocal
and multiphoton microscopy. Optical sections through a
glomerulus from an acid-fucsin- stained monkey kidney
pathology sample imaged by confocal microscopy with 2 µW
of 532-nm light (left, columns 1 and 2) and multiphoton
microscopy with 4.3 mW of 1047-nm light (descanned; right,
columns 3 and 4) were compared. At the surface, the image
quality and signal intensity are similar; however, at
increasing depth into the sample, signal intensity and quality 
of the confocal image falls off more rapidly than the
multiphoton image. Images were collected at a pixel
resolution of 0.27 µm with a Kalman
3 collection filter. Scale bar, 20 µm.

Centonze VE, White JG. Multiphoton excitation provides optical sections from 
deeper within scattering specimens than confocal imaging. Biophys J. 1 929 85
Oct;75(4):2015-24.



WIDE-FIELD VS. CONFOCAL VS. 2-PHOTON

Drawing by P.
D. Andrews, I.
S. Harper and
J. R. Sw26edlow



FAR FIELD: TWO-PHOTON

• Non-linear 2-photon excitation and pinhole 
detection decrease SPF beyond classical
limits

• 21/2 improvement in resolution

• High penetration depth (IR wavelengths for 
stimulation)



TWO-PHOTON MICROSCOPY – DYE examples



TWO-PHOTON MICROSCOPY – DYE examples

Kondo et al, 2017



TWO-PHOTON MICROSCOPY – DYE examples

Kondo et al, 2017



STRUCTURED-ILLUMINATION MICROPSCOPY (SIM)

100 nm resolution 
possible



STRUCTURED ILLUMINATION – HISTORY

• Lukosz and Marchand suggested in 1963 that lateral light
patterns could be used to enhance resolution

• Practical implementation was reported by T. Wilson et al. in 
1997. (Neil, M. A. A., Wilson, T. & Juskaitis, R. (1997) Opt. Lett. 
22, 1905–1907. )



Gustafsson, M.G.L. (2005) Proc. Natl. Acad. Sci. USA 102, 13081-13086

RESOLUTION EXTENSION THROUGH THE 
MOIRÉ EFFECT

If an unknown sample structure (a) is multiplied by a known regular illumination pattern (b), moiré 
fringes will appear (c). The Moiré fringes occur at the spatial difference frequencies between the pattern 
frequency and each spatial frequency component of the sample structure and can be coarse enough to 
observe through the microscope even if the original unknown pattern is unresolvable. Otherwise-
unobservable sample information can be deduced from the fringes and computationally restored.

The word moiré is French (from the past participle of the verb moirer, meaning to water).



Advanced microscopy techniques
SIM-Structural illumination microscopy

20 µm
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CONCLUSIONS

•methods (TIRF, cofocal, SIM and 2 photon) use
common dyes (good)

• confocal is easiest, most widely used

• best resolution obtainable only 100 nm (SIM)

• single molecule is problematic

• Consider sample thickness!



Advanced microscopy techniques
CIMA SIM superresolution vs MP vs confocal

confocal SIM MP

Fixed sample yes yes yes

Live sample not ideal yes
dedicated incubation
chamber with temperature, 
CO2 and humidity regulation

yes
to be set up 
customized to 
needs

Sample 
thickness

tens of µm tens of µm
preferably monolayer of cells

up to 2 mm

Wavelengths
(nm)

405/488/561/640 405/488/561/640 tuneable, range 
700-1000 nm

strength Multichannel
imaging for 
colocalisation

Structural resolution and time 
series (1 fps)

Penetration depth,
time series (> 1 fps)

cima.services@units.it
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Fluorescence Resonance Energy Transfer (FRET) 
Microscopy
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Fluorescence Resonance Energy Transfer (FRET) 
Microscopy
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Fluorescence recovery after photobleaching
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Fluorescence recovery after photobleaching

• Laser for photobleaching can be used on an 
epifluorescence or confocal microscope, 
usually with CCD camera, not PMT

• GFP dyes or photoconvertable dyes used



COMPARISON

method excitation detection sectioning use

Wide field Whole sample Whole sample No sectioning Simple fluorescence
samples

confocal Whole sample One z-plane 350-500nm High contrast images, 
optical sectioning

2-Photon One z-plane One z-plane 500-700nm Deep tissue imaging, 
optical sectioning

FRET Protein interactions

FRAP +
photoactivation 405 laser (UV) dynamics/mobility

TIRF Only bottom
plane

Only bottom
plane 150-200nm Membrane dynamics
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SUPER-RESOLUTION MICROSCOPY

Goal: obtain sub-100 nm resolution

pioneered by Stefan Hell in mid-1990s 
Max Plank Institute (Germany)

two methods:

(i) Spatially Patterned Excitation 
STED, SIM

(ii) Localization Methods 
STORM, PALM



STIMULATED EMISSION DEPLETION (STED) MICROSCOPY
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(a) The process of stimulated emission. A ground state (S0) fluorophore can absorb a photon from 
the excitation light and jump to the excited state (S1). Spontaneous fluorescence emission brings the 
fluorophore back to the ground state. Stimulated emission happens when the excited-state 
fluorophore encounters another photon with a wavelength comparable to the energy difference 
between the ground and excited state. (b) The excitation laser and STED laser are combined and 
focused into the sample through the objective. A phase mask is placed in the light path of the STED 
laser to create a specific pattern at the objective focal point. (c) In the xy mode, a donut-shaped 
STED laser is applied with the zero point overlapped with the maximum of the excitation laser 
focus. With saturated depletion, fluorescence from regions near the zero point is suppressed, 
leading to a decreased size of the effective point spread function (PSF).
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SUPER-RESOLUTION MICROSCOPY OF 
BIOLOGICAL SAMPLES.

Schermelleh, Lothar, Rainer Heintzmann, and Heinrich 
Leonhardt. 2010. “A guide to super-resolution fluorescence 
microscopy.” The Journal of Cell Biology 190 (2) (July 26): 165 -
175. doi:10.1083/jcb.201002021.



SINGLE MOLECULE LOCALISATION MICROSCOPY (SMLM)
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• Induction of fluorescence emission of only a subset of molecules 
at a given time in order to localize each of them individually. By 
repeating this process, you can accumulate enough localizations 
to reconstruct a final super-resolved image.

STORM and PALM are based on SMLM principle. The only difference 
is the way to induce the stochastic emission of the fluorophores:
•In STORM, fluorescent organic dyes (cyanines, rhodamines, …etc.) 
together with a specific imaging buffer (abbelight’s buffer) are used 
to allow blinking of the fluorescent molecules;
•In PALM, photoactivatable, photoconvertible or photoswitchable 
proteins are used (ex: PA-GFP, PA-mCherry, mEOS, mMAPLE, …etc.);
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PALM-Photoactivated localization microscopy

• invented by E Betzig and H Hess (2014 Nobel Prize for 
Chemistry)

• uses photoactivatable fluorophores to resolve spatial 
details of tightly packed molecules

• The laser stochastically activates fluorophores until all 
have emitted. Fluorophores emit for a short period but 
eventually bleach -> a more accurate view of positions 
can be obtained.
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PALM-Photoactivated localization microscopy

• Signals from each fluorophore are still subject to the 300 
nm diffraction of light limit. However, because each has 
been activated separately, the centre of mass can be 
calculated accurately

• The point spread function (PSF) is used to determine the 
location down to a resolution of 20 nm

• By mapping each of the more accurately defined points 
together, a complete super-resolution microscopy image 
can be compiled.
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PALM-Photoactivated localization microscopy

Three commonly used types of fluorophores are:

•Photoactivatable Fluorophores, e.g.: PAmCherry, PA-GFP, which emit 
light upon activation with UV.

•Photoconvertible Fluorophores, which change their emission 
spectrum upon activation with UV light (e.g.: mEOS proteins).

•Photoswitchable Fluorophores: Typically chemical dyes (e.g. Alexa 
Fluor 647, DyLight555) which can switch between dark, non-
fluorescent and bright, fluorescent states repeatedly.



33https://downloads.microscope.healthcare.nikon.com/phase4/literature/Brochures/Super-Resolution_2CE-SCJK-3.pdf

STORM-Stochastic Optical Reconstruction Microscopy



33

STORM-Stochastic Optical Reconstruction Microscopy

reconstructs a super-
resolution image by 
combining the high-
accuracy localization 
information of 
individual fluorophores

https://downloads.microscope.healthcare.nikon.com/phase4/literature/Brochures/Super-Resolution_2CE-SCJK-3.pdf
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STORM-Stochastic Optical Reconstruction Microscopy

https://www.microscopyu.com/tutorials/sto
chastic-optical-reconstruction-microscopy-
storm-imaging



33https://downloads.microscope.healthcare.nikon.com/phase4/literature/Brochures/Super-Resolution_2CE-SCJK-3.pdf

STORM-Stochastic Optical Reconstruction Microscopy

50 nm resolution
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SUPER-RESOLUTION MICROSCOPY OF
BIOLOGICAL SAMPLES

Schermelleh, Lothar, Rainer Heintzmann, and Heinrich 
Leonhardt. 2010. “A guide to super-resolution fluorescence 
microscopy.” The Journal of Cell Biology 190 (2) (July 26): 165 -
175. doi:10.1083/jcb.201002021.


