
Confocal Microscopy and
Living Cell Studies

Soňa Legartová

Institute of Biophysics of the Czech
Academy of Sciences



Th
eo

ry
Practical

useBi9393
Bi8141



Luminescence

Fluorescence

Phosphorescence

Photoluminescence

https://inhabitat.com/5-bioluminescent-species-that-light-up-the-world/bioluminescent-fungus-2/



Introduction to Fluorescence

Sir George Gabriel Stokes (1819 – 1903)
a British physicist and mathematician

Ishikawa-Ankerhold et al., 2012

http://rstl.royalsocietypublishing.org/content/142/463.full.pdf+html

Lakowicz et al.,  2006



Introduction to Fluorescence

Aleksander Jabłoński
(1898 – 1980)

Perrin-Jablonski diagram (1935)

• ground state (singlet S0)

• internal conversion (IC) → the lowest singlet state (S1)

• intersystem crossing (ISC) → triplet state (T1)

• vibrational relaxation

https://www.researchgate.net/Perrin-Jablonski-diagram-The-vibrational-manifold-associated-with-electronic-states-is_fig7_321823164



Aequorea victoria

https://www.nobelprize.org/nobel_prizes/chemistry/laureates/2008/ http://photobiology.info/Zimmer.html

Introduction to Fluorescence



Fluorophores
• chemical compounds: re-emit light upon light 

excitation

• absorb light (a particular wavelength) → 
transiently excited → return to ground state

• contain several combined aromatic groups, 
or plane or cyclic molecules with several π
groups

• not all energy is emitted as fluorescence, 
some is dissipated as heat or vibrational
energy

Carl Zeiss Micro_Imaging GmbH

http://www.atdbio.com/content/34/Alexa-dyes

Ishikawa-Ankerhold et al., 2012

Introduction to Fluorescence



Photoconversion
Dendra2: improved green to red photoswitchable

fluorescent protein
• derived from octocoral Dendronephthya sp. (Gurskaya et al., 2006)

• low phototoxicity

• monitoring selective cell fate
• real-time tracking protein dynamics (movement, degradation, etc.) 

Cvackova et al., 2009

H4-Dendra2







History of Microscopy:

Marvin L. Minsky
(1927-2016) 

Baztan et al., 2016





• ability to gather light and resolve fine specimen detail at a fixed object distance

Numerical Aperture (NA)

• most oil immersion objectives → a maximum numerical aperture of 1.4 

• the most common numerical apertures ranging from 1.0 to 1.35

http://zeiss-campus.magnet.fsu.edu/articles/basics/resolution.html



Numerical Aperture (NA)

https://www.edmundoptics.com/resources/application-notes/microscopy/understanding-microscopes-and-objectives/



Numerical Aperture (NA)
The Abbe diffraction limit

http://zeiss-campus.magnet.fsu.edu/articles/basics/resolution.html

http://www2.optics.rochester.edu/workgroups/novotny/snom.html



The Abbe diffraction limit

http://www.kurzweilai.net/the-nobel-prize-in-chemistry-2014-beyond-the-diffraction-limit-in-microscopy

https://phys.org/news/2016-09-quantum-mechanics-technique-rayleigh-curse.html

https://www.leica-microsystems.com/science-lab/microscope-resolution-concepts-factors-and-calculation/



The Abbe diffraction limit

Kim et al., 2016

https://slideplayer.com/slide/10351495/



Marvin L. Minsky (1927-2016) 

Confocal Microscopy

• basic concept of confocal 
microscopy (1950s)

• advances in computer technology 

• laser



L ight
A mplification
S timulated
E mission
R adiation
• coherent monochromatic light (stimulated emission of photons from

excited atoms or molecules)
COHERENT

NON-COHERENT

https://escooptics.com/blogs/news/what-is-the-international-day-of-light



Confocal Microscopy

http://fluoview.magnet.fsu.edu/theory/confocalintro.html

1. Laser Excitation Source
2. Reflected through dichroic mirror
3. Into lens (Objective) 
4. Focussed to the point in specimen
5. Emitted light (from specimen)
6. Into same lens
7. Beam splitter
8. Detector (Photomultiplier)

Marvin L. Minsky
(1927-2016) 



Confocal Microscope
Mojmír Petráň 
Milan Hadravský

http://zeiss-campus.magnet.fsu.edu/articles/spinningdisk/introduction.html

Nipkow diskConfocal Microscope Scanning System



Mojmír Petráň 
Milan Hadravský

http://zeiss-campus.magnet.fsu.edu/articles/spinningdisk/introduction.html

Nipkow Disk

https://www.juliantrubin.com/bigten/baird_nipkow_television.html



Confocal Microscope
Mojmír Petráň
Milan Hadravský

http://zeiss-campus.magnet.fsu.edu/articles/spinningdisk/introduction.html

Nipkow Disk



Confocal Microscope
Mojmír Petráň 
Milan Hadravský

http://zeiss-campus.magnet.fsu.edu/articles/spinningdisk/introduction.html

Nipkow diskConfocal Microscope Scanning System



Light Sheet Fluorescence Microscopy (LSFM)

http://zeiss-campus.magnet.fsu.edu/articles/spinningdisk/introduction.html

• splits fluorescence excitation and detection → two separate light paths
• camera-based detector → collect images faster 

→ less excitation light 
• 3D imaging extremely fast → imaging samples = millimeter scale

(developing organisms or large cleared tissue samples)

https://www.zeiss.com/microscopy/int/products/imaging-systems/light-
sheet-microscope-for-lsfm-imaging-of-live-and-cleared-samples-
lightsheet-7.html

Isaacson et al., 2018



Light Sheet Fluorescence Microscopy (LSFM)

Video | © Sample courtesy of E.Diel, D. Richardson, Harvard University, Cambridge, USA

https://www.zeiss.com/content/dam/media/Download/zeiss_lightsheet_7_animation_brain_vasculature.mp4


Light Sheet Fluorescence Microscopy (LSFM)

https://www.photonics.com/Articles/Light_Sheet_Microscopy_Transforming_3D/a65704





STED

SIM

PALM

dSTORM

SMLM

RESOLFT
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REDCue STED

DyMIN STED

fBALM

STORM
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Super-Resolution Microscopy



SIM (Structured Illumination Microscopy)



SIM (Structured Illumination Microscopy)



Advantages

• 2x increase in spatial resolution over wide-field microscopy → lateral (in xy) ~100 nm

• 3D imaging at fast frame rate

• labelling using conventional fluorophores

• up to 3 simultaneous colour imaging (other super-resolution microscopy modalities are 
often limited to 2)

SIM (Structured Illumination Microscopy)

Disadvantages

• artefacts generated during image reconstruction

• sensitive to out-of-focus light and so difficult on thick or too densely labelled samples.



Stimulated emission depletion (STED)
microscopy 

https://www.nobelprize.org/nobel_prizes/chemistry/laureates/2014/

• super-resolution microscopy

• overcomes the diffraction limit of light microscopy



• switching off the fluorescence by intense laser light → in outer regions of diffraction 
limited excitation focus 

• detected fluorescence in center excitation focus → high resolution images 

http://www.leica-microsystems.com/science-
lab/quick-guide-to-sted-sample-preparation/

Stimulated emission depletion (STED)
microscopy 



Stimulated emission depletion (STED)
microscopy 

Applications
 Structural analysis → instead of Electron Microscopy (EM) 

 Correlative methods → combining AFM + STED

 Multicolor

 Live-cell (ONLY plasma membrane with organic dyes) → RECENTLY: multicolor 
live-cell STED (pulsed far-red laser)

http://www.spiegel.de/fotostrecke/sted-mikroskopie-
scharfer-blick-in-die-nanowelt-fotostrecke-51431-13.html



Single-Molecule Localization Microscopy
(SMLM)

Thorley et al., 2014



PALM

dSTORM

STORM

FPALM

Summary

Godin et al., 2014



Convolution = Distortion

Deconvolution

http://bigwww.epfl.ch/deconvolution/

• point spread function (PSF) → response of 
an imaging system to a point source or point 
object

• the degree of spreading (blurring) of the point 
object → the quality of an imaging system

PSF

https://svi.nl/Deconvolution



Deconvolution
Point Spread Function (PSF)

Experimental Theoretical
• quantum dots or fluorescent beads

• resolution size limit

• isolated one, direct injection to sample

• use same setting all tthe time

• average PSF

Both approaches are advisable



Deconvolution
Fourier transformation

Deconvolution methods



https://svi.nl/Deconvolution

Deconvolution

Huygens Deconvolution Software Lightning

© Soňa Legartová





https://www.majordifferences.com/2016/08/difference-between-sem-and-tem.html



Laboratory of Cellular Biophysics (2009)



Leica TCS SP-5 X

• cultivation chamber (5% CO2 and 
temperature control, Live cell experiments)

• WLL (470-670 nm, Image acquisition)

• Argon laser (Fluorescence Recovery After 
Photobleaching, FRAP)

• UV-lasers (355 nm and 405 nm, DNA repair
studies)

Laser Scanning Confocal Microscope

Leica TCS SP-8 SMD

• cultivation chamber (5% CO2 and temperature control, 
Live cell experiments)

• WLL (470-670 nm, Image acquisition, FLIM-FRET)

• Argon laser (Fluorescence Recovery After 
Photobleaching, FRAP)

• UV-laser (405 nm, FLIM-FRET)

• FLIM-FRET



FL
U

O
R

ES
C

EN
C

E
Live cells

Transfection

Photoconversion

Fluorescence Recovery
After Photobleaching

(FRAP)

Single Particle Tracking
Analysis

Fixed cells

Fluorescence In Situ
Hybridisation (FISH)

Immunofluorescence

Fluorescence Lifetime
Imaging (FLIM)

Förster Resonance Energy
Transfer (FRET) 



Methods
DNA repair studies

DNA repair is a collection of processes by which a cell identifies and corrects damage
to the DNA molecules that encode its genome.

1. an irreversible state of dormancy, known as 
senescence

2. cell suicide, also known as apoptosis 
(programmed cell death)

3. unregulated cell division, which can lead to the 
formation of a tumor that is cancerous



Hoeijmakers et al., 2001

Methods
DNA repair studies

Single-strand damage

Base Excision Repair (BER)

• repairs damage to a single base caused
by oxidation, alkylation, hydrolysis, or
deamination

Nucleotide Excision Repair (NER)
• recognizes bulky, helix-distorting lesions

such as pyrimidine dimers and 6,4
photoproducts

Mismatch Repair (MMR)
• corrects errors of DNA replication and

recombination that result in mispaired
(but undamaged) nucleotides



Double-strand breaks

Non-Homologous End Joining (NHEJ)

Homologous Recombination (HR)

Microhomology-Mediated End Joining (MMEJ)

Hoeijmakers et al., 2001

Methods
DNA repair studies



• activation of DNA damage response (DDR) system

UV-laser 405 nm

• Nucleotide excision repair
• cyclobutane pyrimidine dimers (CPDs) 

UV-laser 355 nm

Stixova et al., Folia Biologica, 2014 Legartova and Suchankova et al., JoVE, 2017

Leica TCS SP-5 X

Methods
DNA repair studies



Methods
DNA repair studies

Suchankova et al., 2015

Microirradiation
ROIs

Single cells

Time-laps 
confocal

microscopy
Immunostaining

UV-lasers
(355 nm or

405nm)Transfection
• transfer of non-viral genetic material into eucarytic cells

Goal: to express a particular gene in the host cell

Used: to study gene expression regulation, protein function, gene silencing or gene 
therapy
• Stable Transfection (H2B-GFP)

• Transient Transfection (PCNA or 53BP1-RFP)



Microirradiation
ROIs

Single cells

Time-laps 
confocal

microscopy
Immunostaining

UV-lasers
(355 nm or

405nm)

Suchankova et al., 2015

https://ibidi.com/gridded-dishes-slides/178--dish-35-mm-high-
grid-500-glass-bottom.html

Methods
DNA repair studies



Fluorescence Recovery After Photobleaching (FRAP)
Methods

Movement (exchange (un)bleached) of molecules

• Diffusion
• Active transport

Stixová et al., 2011



Fluorescence Recovery After Photobleaching (FRAP)
1. (Im)mobile fraction
2. τD diffusion time
3. Fi fluorescence before bleaching
4. F0 fluorescence just after bleaching
5. F∞ fluorescence in bleached region after full recovery
6. Mobility = diffusion coeff. D → related to τD diffusion time

13

2

4

5

R R = (F∞ - F0)/ (Fi - F0) 

Reits and Neefjes, 2001



Ishikawa-Ankerhold et al., 2012

Förster Resonance Energy Transfer (FRET) 
Methods



Förster Resonance Energy Transfer (FRET) 

http://www.molecular-beacons.org/toto/Marras_energy_transfer.html

http://research.chem.psu.edu/txlgroup/RESEARCH.html

• a distance-dependent physical process by which energy is transferred
nonradiatively from an excited molecular fluorophore (the donor) to
another fluorophore (the acceptor) by means of intermolecular long-range
dipole–dipole coupling (Förster, 1965).

Methods

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑘𝑘𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝐷𝐷𝐴𝐴)

𝑘𝑘𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (𝐷𝐷𝐴𝐴)+𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜(𝐷𝐷)
= ⁄1 𝑟𝑟 6

⁄1 𝑟𝑟 6+ 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
= 𝑅𝑅06

𝑅𝑅06+𝑟𝑟6
≈ 𝐼𝐼𝐴𝐴

𝐼𝐼𝐴𝐴+𝐼𝐼𝐷𝐷



Fluorophore properties
A good fluorophore

• Large extinction coefficient (~ 105 cm-1M-1)

• High fluorescence quantum yield ( ˃ 0.8) 

• Large shift of the fluorescence vs. absorption (Stokes shift ˃ 40 nm)

• Low quantum yield of photobleaching ( ˂ 10-6)

https://images.nature.com/full/nature-assets/nprot/journal/v8/n2/images/nprot.2012.147-F1.jpg

Förster Resonance Energy Transfer (FRET) 
Methods



• protein-protein interactions

• donor “de-quenching” in presence of an acceptor 

• comparing donor fluorescence intensity in the same sample before and after 
destroying the acceptor by photobleaching

FRET Acceptor Bleaching

Leica TCS SP5 X

FRETeff = (Dpost – Dpre)/ Dpost

Legartova et al., 2014

Förster Resonance Energy Transfer (FRET) 
Methods



Disadvantages of FRET

• fluorescent probes + molecule of interest → creation of fusion proteins = mutation 
and/or chemical modification of the molecules under study

• speciment movement (during the bleaching procedure)

• photo-bleaching once in sample

• donor   fluorophore   emission   bleed through → acceptor emission channel

Förster Resonance Energy Transfer (FRET) 
Methods



1. Start the clock → laser pulse (picosecond frequency)

2. Stop the clock → 1st photon that arrives at the detector

3. Reset the clock → wait for start next signal

• Fluorescence lifetime histogram

• Fit a exponencial decay → get the fluorescence lifetime (in ns)

Fluorescence Lifetime Imaging (FLIM) - Förster Resonance Energy Transfer (FRET)

Fluorescence Lifetime (τ)
• average time a fluorophore remains

in excited state before returning to

the ground state by emitting photon

Dysli et al., 2017

www.picoquant.com

Methods

Yiang et al., 2015

http://www.picoquant..com/


Fluorescence Lifetime Imaging (FLIM) - Förster Resonance Energy Transfer (FRET)

Methods

FRET efficiency (E) = proportion of the donor molecules that have transferred 
excitation state energy to the acceptor molecules

Acceptor (A)Donor (D)

Weidtkamp-Peters and Stahl, 2017



Fluorescence Lifetime Imaging (FLIM) - Förster Resonance Energy Transfer (FRET)

Methods

Instrumental limitations

 time a photon processed → no other photon recorded

 light intensity = high → loss of arriving photons/ pulse
 keep probability of detecting → one photon/ laser pulse

Liu et al., 2019



https://biocenterat-my.sharepoint.com/:p:/r/personal/lijuan_zhang_vbcf_ac_at/_layouts/15/Doc.aspx?sourcedoc=%7Bd0e7c7c8-a72e-42c6-8ff7-599b2235447f%7D&action=edit

Enrico Gratton
Professor of Biomedical Engineering and Physics
Laboratory for Fluorescence Dynamics
University of California, Irvine

Fluorescence Lifetime Imaging (FLIM) - Förster Resonance Energy Transfer (FRET)

Methods
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