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Karolinska Institutet, a medical university with a mission to 
contribute to the improvement of human health through 
research, education and information

Research goals
The goal for our research is to achieve scientific breakthroughs that change the view of
human health and disease, as well as normal vital processes. Research results should lead to
innovations and practical applications that can be implemented within the health service
sector.

Educational goals
The goal for our educational programs is to strengthen their link to research, and to prepare
the students for engagement in research. They should provide the best possible conditions
to work in, lead and continue to develop activities in collaboration with other professions.



Experimental alcohol and drug dependence research

Functional Fluorescence 
Microscopy Imaging  (fFMI) 

Dynamic self-regulation of the 
neuroendocrine system

My research focuses on understanding cellular and molecular mechanisms that
underly the development of alcohol use disorders (AUD), with a particular
interest on understanding the opioid system role in the development and
management of AUD. To this aim, we use methods with single-molecule
sensitivity and approaches from dynamical systems theory.
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ConfocalOutline

• Part 1: Introduction to Fluorescence Correlation Spectroscopy (FCS) 
and its use for the study of fast dynamical processes and molecular 
interactions in solution and live cells

• Part 2: Limitations of single-point FCS and recent advances in the 
development of massively parallel FCS (mpFCS) with examples of 
applications

• Part 3: Future perspective and the development of dc-mpFCCS
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Fluorescence Correlation Spectroscopy (FCS) is a fluctuation 
analysis technique

ConfocalFCS is a quantitative analytical method with the ultimate, single-molecule sensitivity that
relies on time-resolved detection of fluorescence intensity fluctuations around a stationary
state and their analysis to characterize the dynamics of processes that give rise to the
fluorescence intensity fluctuations.
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http://www.fcsxpert.com/

http://www.biophysics.org/portals/1/pdfs/education/schwille.pdf

T. Wohland, S. Maiti, R. Macháň, An Introduction to Fluorescence Correlation Spectroscopy, 2020
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Milestones in FCS development

Modern era of FCS 
Magde D, Webb W W, Elson E. (1972) Phys. Rev. Lett. 29, 705-708.
Elson EL, Magde D. (1974) Biopolymers 13,1-27.
Ehrenberg M, Rigler R. (1974) Chem. Phys. 4, 390-401.

1871 Lord Rayleigh (John Strutt) describes scattering of light by small particles

1905/1906 Einstein and von Smoluchowski work on the fluctuation theory of light scattering

1911 Svedberg observed fluctuations in the number of colloidal gold particles under a microscope

1913 Perrin anticipated fluorescence fluctuation studies

1957 Laser development

1961  Confocal microscope

1961/1964 Solid state single photon detectors

1967  Autocorrelator
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0.5 m  0.5 m  1.5 m

VOVE  210-19 m3  0.2 fl

c = 10 nM; Nave = 1

Single-molecule sensitivity
Real time analysis
Live cells

Limited overview

FCS coupling with confocal microscopy – short measurement 
time and single-molecule sensitivity
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Fluctuation analysis can give quantitative information about 
the investigated system, but where is this information hidden 
and how can we retrieve it?

Confocal
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FCS measurement in a solution of one fluorescent species (one 
component) undergoing free 3D diffusion

Confocal

Bulk Medium

Plasma membrane

Nucleus

Cytoplasm
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Temporal auto-correlation analysis of fluorescence intensity 
fluctuations generated by free 3D or 2D diffusion of molecules
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Analysis of the temporal autocorrelation curve (tACC) 
acquired in a system where one fluorescent species (one 
component) undergoes free 3D diffusion

Confocal

c / nM
Nmolecules / 0.17 fl

(temporal average)
ACCamplitude
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When Veff is about 0.17 fl (0.1710-15 dm3), the average number of
molecules in the observation volume is 1 when the concentration is 10 nM.
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FCS for the study of fast chemical reactions

Confocal

Elson EL. 40 Years of FCS: How It All Began, Methods Enzymol. 2013 518:1-10.

“A primary motivation (for FCS development) was to develop a method that could measure the kinetics of

chemical reactions in systems in equilibrium and thereby evade the need to perturb the state of the system,

for example, by temperature jump, as is required for conventional measurements of chemical kinetics.”

Elson EL, Magde D. (1974) Biopolymers 13,1-27.

Ehrenberg M, Rigler R. (1974) Chem. Phys. 4, 390-401. 

Recommended reading:

Elson EL. Introduction to fluorescence correlation Spectroscopy-Brief and simple. Methods. 2018 140-141:3-9. 

Elson EL. Brief introduction to fluorescence correlation spectroscopy. Methods Enzymol. 2013;518:11-41.

Elson EL. Fluorescence correlation spectroscopy: past, present, future. Biophys J. 2011 101(12):2855-70.

Elson EL. Quick tour of fluorescence correlation spectroscopy from its inception. J Biomed Opt. 2004 9(5):857-64.

Elson EL. Fluorescence Correlation Spectroscopy Measures Molecular Transport in Cells. Traffic 2001 2: 789-796
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FCS for nondestructive characterization of processes in 
complex systems

Confocal
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Confocal

Limitations of single-color FCS for the study of molecular 
interactions in live cells
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Ared + gr = 0.08

Agreen + gr = 0.05

Acc = 0.02

Ngr = Acc/Ar+gr·Ag+gr

Ngreen, red = 5

Nred = 12.5 – 5 = 7.5

Ngreen = 20 – 5 = 15

))((

1

rgrggr

gr

cc NNNN

N

N ++
=

Fluorescence Cross-Correlation Spectroscopy (FCCS)
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http://www.es.hokudai.ac.jp/publish/outline/2003/ries14_1.png

FCCS for nondestructive characterization of molecular binding
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Confocal

Which processes can be studied by FCS
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Confocal

Limitations of conventional single-point FCS

University of Belgrade

Krmpot et al. Anal. Chem. 2019 91(17):11129-11137  
Oasa, Krmpot, Nikolić et al. Anal. Chem. 2021 93(35):12011-12021
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Confocal

16x16

Massively parallel FCS (mpFCS) for quantitative scanning-free 
confocal fluorescence microscopy imaging of dynamic processes

Krmpot et al. Anal. Chem. 2019 91(17):11129-11137  
Oasa, Krmpot, Nikolić et al. Anal. Chem. 2021 93(35):12011-12021
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Confocal

Characterizing the mpFCS illumination matrix

32 × 32

10 µm

16 × 16

Krmpot et al. Anal. Chem. 2019 91(17):11129-11137  
Oasa, Krmpot, Nikolić et al. Anal. Chem. 2021 93(35):12011-12021
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Confocal

Single-Photon Avalanche Diode (SPAD) cameras

SPC2 (32×32) SPC3 (64×32)

Photon Detection Efficiency 38 % at 400 nm 50 % at 400 nm

Detector background 50 % of pixels < 4 kHz

75 % of pixels < 25 kHz 

50 % of pixels < 150 Hz

95 % of pixels < 300 Hz 

Temporal resolution / Frame rate 20.41 µs / 49 kframes / s 10.42 µs / 96 kframes / s

Inter-frame dead-time 20 ns 10 ns

Diameter of SPAD active area 20 µm 30 µm

SPAD pitch 150 µm 150 µm

SPAD dead-time 200 – 600 ns 50 - 125 ns

Afterpulsing probability 5 % at 200 ns SPAD dead-time 1 % at 50 ns SPAD dead-time 

Photon Counting Dynamics 8 bits @ 49 kframes / s 

12 bits @ 3 kframes / s 

16 bits @ 191 frames / s

8 @ 96 kframes / s 

12 @ 6 kframes / s 

16 @ 375 frames /s

Readout noise No No

Internal memory 128 MiB (220  134 MB) 128 MiB (220  134 MB)

Time-Gated FLIM mode 

Gate Width 

Gate Steps

Step Size

Measurement Time range 

Laser Sync Out

1.5 – 20 ns

800

20 ps

16 ns

50 MHz

http://www.micro-photon-devices.com/Docs/Datasheet/SPC2.pdf 
http://www.micro-photon-devices.com/MPD/media/Datasheet/SPC3.pdf
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Confocal

mpFCS alignment and information loss due to interspaced 
sampling

Deliberate instrument misalignment

Krmpot et al. Anal. Chem. 2019 91(17):11129-11137  
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Confocal

mpFCS calibration and observation volume element (OVE) 
size determined using 100 nm fluospheres

Krmpot et al. Anal. Chem. 2019 91(17):11129-11137  
Oasa, Krmpot, Nikolić et al. Anal. Chem. 2021 93(35):12011-12021
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Confocal

mpFCS – crosstalk between adjacent pixels

Krmpot et al. Anal. Chem. 2019 91(17):11129-11137  
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Confocal

Imaging eGFP concentration and diffusion viampFCS

Oasa, Krmpot, Nikolić et al. Anal. Chem. 2021 93(35):12011-12021
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Confocal

Oasa, Krmpot, Nikolić et al. Anal. Chem. 2021 93(35):12011-12021

mpFCS integrated with FLIM
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Confocal

Oasa, Krmpot, Nikolić et al. Anal. Chem. 2021 93(35):12011-12021

Spatial map of eGFP concentration, diffusion, brightness and 
fluorescence lifetime in a live HEK cell



- 31 -

Confocal

Oasa, Krmpot, Nikolić et al. Anal. Chem. 2021 93(35):12011-12021

OLIG2-eGFP concentration, diffusion, brightness and 
fluorescence lifetime in a live HEK cell. Effect of NSC 50467



- 32 -

Confocal

Krmpot et al. Anal. Chem. 2019 91(17):11129-11137  

Mapping the concentration and diffusion of MOP-eGFP in live 
cells
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Confocal

Oasa et al. ongoing work

Ligand effect on eGFP fluorescence lifetime in live PC12 cells 
stably expressing KOP-eGFP using mpFCS/FLIM
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Confocal

Dose-dependent effect of kappa-opioid receptor antagonist on 
EtOH-induced change in eGFP fluorescence lifetime
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Oasa et al. ongoing work
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Confocal

Krmpot et al. Anal. Chem. 2019 91(17):11129-11137  

Mapping the concentration and diffusion of glucocorticoid 
receptor (GR-eGFP) in live cells
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Confocal

Mapping the directional motion of fluospheres by two-foci 
spatial cross-correlation using mpFCS

Nikolic, Krmpot, Oasa et al. ongoing work
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Confocal

Nikolic, Krmpot, Oasa et al. ongoing work

Mapping the direction of ligand-dependent nuclear translocation 
of glucocorticoid receptor in live cells by two-foci spatial cross-
correlation using mpFCS
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Confocal

Dual color massively parallel Fluorescence Cross-Correlation 
Spectroscopy (dc-mpFCCS)

Distance: 0 – perfect overlap; 1 = 68 nm; 2 = 136 nm

Krmpot et al. ongoing work
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Confocal

https://ki.se/en/cns/vladana-vukojevics-research-group
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