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Foreword
Fluorescence describes the emission of photons
upon excitation of a molecule by light or other electromagnetic radiation with certain well defined characteristics. These include: (i) the wavelength of excitation and emission being coupled, (ii) the process
being time dependent in the region of ns, and (iii)
photon emission being localized to within nm of the
fluorescent molecule and influenced by its environment. Fluorescence has a long history dating back
to the 1850s when George Stokes first analyzed the
process using quinine and a prism in his treatise
“On the Change of Refrangibility of Light”. It was
Albert Coons (1941) that linked fluorescein isothiocyanate (FITC) to antibodies and Gregorio Weber
(1952) who developed dansyl chloride labeling of
proteins that brought fluorescence into biology. Then
in 1962, Osamu Shimoura and colleagues discovered the green fluorescent protein (GFP) of the jellyfish Aequorea victoria. GFP was cloned in 1992 by
Douglas Prasher and expressed as an active fluorescent protein in E. coli and C. elegans by Martin
Chalfie in 1994. Subsequent work by many people
has developed GFP through side directed mutagenesis to optimize and diversify its uses. The use of
GFP and its variants as genetically encoded fluorescent molecules has been key to using fluorescence
to unravel the role of proteins in cell and molecular
biology. Over the last few decades, these fundamental characteristics of fluorescence and the biology of
“GFP” have been ingeniously used to probe protein
dynamics, protein localisation and protein structure.
In parallel to the development of fluorescent labeling
techniques there has been significant developments
in instruments to measure fluorescence inside biological specimens. These developments have included
wide-field and confocal microscopy, two photon microscopy and most recently light sheet microscopy.
In addition there has been significant improvements
in lasers, detectors and software.
This practical manual has arisen through many
courses and workshops that were run in Singapore
between 2001 and 2016. The focus for this manual
are the so-called F-techniques: FRET (fluorescence resonance energy transfer), FLIM (fluorescence lifetime imaging microscopy), FCS (fluorescence correlation spectroscopy) and FRAP
(fluorescence recovery after photobleaching), and
their use to probe protein structure and function. It
is not our purpose here to describe the theory of the
F-techniques in depth or all the discoveries that have
been made with them. There are many excellent

reviews and scientific papers that cover these topics.
In this practical manual we seek to help scientists
to implement and utilize the F-techniques. We also
hope the manual will serve as a resource for anyone
interested in the F-techniques. Here, we focus on the
core F-techniques, but recognize the development
of many interesting variants that are in current use,
such as fluorescence cross correlation spectroscopy
(FCCS).
FRET is the method of choice to measure protein-protein interaction in a cellular context. FRET is
the process of energy transfer between two fluorescent molecules in close proximity (1-10 nm) to each
other. If certain conditions are met FRET can be
used as a molecular ruler. In Chapter 1 the relatively
simple indirect technique, Acceptor PhotobleachingFRET (AP-FRET), to measure FRET is described.
AP-FRET utilizes laser induced bleaching of an
acceptor in a region of interest (ROI) and monitoring changes in fluorescence intensity of the donor
molecule in the same ROI. These measurements
are made in fixed cells. The major advantage of
AP-FRET is its simplicity allowing wide application.
Chapter 2 describes Sensitised Emission-FRET (SEFRET), a ratiometric method for measuring FRET. In
SE-FRET changes in fluorophore spectra are used to
monitor FRET. SE-FRET has utility for rapid events
occurring in live cells. Chapters 3 and 4 describe
methods to measure the lifetimes of fluorophores, in
the frequency domain (FD-FLIM) and the time domain
(TD-FLIM). FD-FLIM is an indirect method for measuring fluorescent lifetimes and has utility for rapid
measurements in live cells. In contrast, TD-FLIM is
a direct method that relies on measuring the time
between excitation and photon release. Although
more time consuming than FD-FLIM, TD-FLIM gives
higher resolution of fluorescent lifetimes. TD-FLIM
can be used to measure fluorescent lifetimes at subcellular resolution. Both FD-FLIM and TD-FLIM can
be used to measure FRET. With TD-FLIM being the
“gold standard” for estimating quantitatively whether
there is FRET occurring between two fluorophores.
In addition, TD-FLIM allows the proportion of interacting molecules to be measured. Chapter 5 introduces FCS, a powerful technique for measuring the
movement of molecules within a defined (confocal)
volume. Using mathematical analysis of FCS data
two parameters can be estimated: protein diffusion
rates and protein concentration. FCS has applications to follow protein association and dissociation
(affinity constants) and protein complex formation.

Thus, FCS and the FRET methods described above
can be used in parallel to measure protein-protein interaction. Lastly, Chapter 6 describes FRAP, a technique
which measures protein diffusion by bleaching fluorophores in a ROI and then looking for recovery of fluorescence in the same ROI. FRAP is a semi-quantitative
method that can be used in parallel with FCS to examine
protein diffusion. Both FRAP and FCS are carried out on
live cells. In conclusion, it is important to realize that the
F-techniques are a powerful set of techniques that can
be used to interrogate protein behavior in cells and can
be used together by complimenting and/or validating
each other. The F-techniques are not restricted to following protein behaviour and can also be used to follow
DNA/RNA, as well as protein-DNA and protein-RNA
interactions (protein-ligand interactions). This practical manual serves to promote and facilitate the use of
F-techniques together by describing the implementation
of the core techniques in a single resource.
Many people have contributed to bringing this manual
into being. First and foremost I would like to thank the
“PicoQuant team” (including Sandra Orthaus-Mueller,
Jana Rudolph, Stefan Ruettinger, Nicole Saritas, Ben
Kramer, Volker Buschmann) for their help in reviewing
chapters, formatting text and figures, and their support in
general. Particular thanks go to Sandra Orthaus-Mueller
for co-ordinating activities and keeping the candle
burning. Thanks are also due to Malte Wachsmuth and
Lambert Instruments for help in reviewing the chapter on
FCS and FD-FLIM, respectively. Other important contributions were made by Malte Wachsmuth, Thorsten
Wohland and Ernst Stelzer through running EMBO
courses in Singapore. Lastly, the Singapore government funding agency, A-STAR, Birgit Lane (Head of the
Institute of Medical Biology, IMB) and the IMB Microscopy
Unit (IMU) deserve special mention for funding the implementation of F-techniques in Singapore.

Sohail Ahmed
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Abstract
Although the concept of FRET has been known
since the 1960s, its first implementation in the
context of cell experiments was not until the 1990s.
Bastiaens, Jovin, and colleagues pioneered the use
of FRET to study membrane trafficking and cell signaling pathways[1]. Acceptor photobleaching (AP)FRET was first implemented to track cholera toxin
complex formation using the cyanine dye pairs Cy3
and Cy5[2]. Subsequently, when GFP and its variants
became available, AP-FRET was used to follow 5HT
receptor dimerization[3]. Initially, CFP and YFP were
the fusion proteins of choice for FRET experiments
as their spectral characteristics were well suited to
FRET. However, GFP/mRFP or mCherry are preferred nowadays. AP-FRET is the least complicated
method to perform FRET. It can utilize GFP/mRFP
or GFP/mCherry pairs, like other FRET methods,
as donor and acceptor, respectively. Moreover,
AP-FRET can be performed on standard confocal
microscopes, which are usually available in most institutions. In this chapter we describe in detail how to
perform AP-FRET, define positive FRET, and design
controls.

1. Principle and Theory
In simple terms, Förster Resonance Energy Transfer
(FRET) is a non-radiative energy transfer process

occurring due to interaction between the excited
state of a donor and the ground state of an acceptor
fluorophore. FRET occurs over distances of 10 nm
or less (Figure 1). Hence FRET can be used as a
molecular ruler working on the nanoscale. In biology
FRET is widely used to measure biomolecular interactions such as protein-protein, protein-RNA,
protein-ligand or protein-DNA. In this chapter, we
focus on genetically encoded GFP and mRFP fluorescent proteins as tags to measure FRET between
Cdc42 and CRIB fusion proteins by a method known
as Acceptor Photobleaching (AP)-FRET. The fundamental aspect of the method lies in the comparison of donor fluorescence intensity (GFP) when in
the presence or absence of an acceptor (mRFP or
mCherry). If FRET is occurring between two fluorophores then it follows that eliminating the acceptor by
means of photobleaching will increase donor fluorescence intensity. In contrast, in the absence of FRET,
eliminating the acceptor should not affect the donor
fluorescence intensity. Thus by measuring donor
fluorescence intensity under these two different
conditions should allow determining whether FRET
is occurring or not. Another important advantage of
AP-FRET is that it can be used to examine spatial
aspects of protein-protein interactions in single cells
under very precise conditions by choosing particular
Regions Of Interest (ROIs). It should be noted that
AP-FRET can only be performed on fixed samples,
i.e. when fluorophore diffusion is prevented.

Figure 1 Shown here is the pictorial representation describing FRET occurrence.
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2. Instrumentation
Either a confocal laser scanning microscope with
lasers emitting at 488 and 561 nm for excitation with
respective emission filter sets or a widefield microscope with appropriate filter sets and corresponding
dichroic mirrors are necessary for the GFP and RFP
pair. A 60 X water objective with high NA and either
PMT detector (Confocal) or CCD camera (widefield)
are also required.

3. Methods
A. Materials Required
We use CHO cells as a starting point for AP-FRET
because this cell line expresses a wide range of
GFP and mRFP fusion proteins well. In principle, any
cell line of interest can be used for AP-FRET. Other
required material include: CO2 incubators (37 °C),
Fetal Bovine Serum (FBS), antibiotics (penicillin and
streptomycin), trypsin, plasmids with fluorescent tags
(expressing the acceptor and donor fusion proteins),
cell culture medium (F-12K nutrient mixture [Kaighn’s
modification] for CHO cells), transfection reagent
(Turbofect), coverslips (diameter 18 mm) and hemacytometer. six well plate dishes, T75 flasks and
10 ml pipettes. para-formaldehyde, mounting media
(without antifade) and microscopy cover slides.
B. Sample Preparation
CHO cells were grown in a 75 cm2 tissue culture
flask up to 90% confluency in the complete growth
medium (1 x F-12K nutrient mixture [Kaighn’s modification]) containing 10% fetal bovine serum qualified
[FBS] and 1% antibiotics [penicillin and streptomycin]. Cells were detached from the flask, using 2 ml
trypsin by incubating at 37 °C for 5 min and counted
using a hemacytometer. For transfection, cells were
seeded with a cell density of 1.5 x 105 cells in a 6-well
tissue culture plate containing a 18 mm pre-washed
and sterilized cover glass for 24 h. CHO cells were
then transfected using Turbofect transient transfection reagent (other transfection reagents suited for
the cell type can also be used) as per the following
protocol. [Mix 3 µl of Turbofect with 1.5 µg of plasmid
(1:2 (w/v), DNA/Turbofect) and 150 µl of serum free
medium in a tube and let it stand for 25 min at RT].
Transfection mixes of respective plasmids were then
transferred into different wells of a six well plate
containing cells. The transfected cells in the six well
plates were incubated at 37 °C in a CO2 incubator
for 24 h for protein expression to occur. Typically
three transfections are used; (i) GFP-mRFP (tandem
fusion) positive control. (ii) Co-expression of free GFP
and mRFP (negative control). (iii) Co-expression

of mRFP-Cdc42 and GFP-CRIB as experimental
model. These positive and negative controls are essential to correlate to potential positive FRET scenarios. Other controls including point mutants or
deletion constructs, fusion protein/GFP, or mRFP
combinations should also be considered for rigorous
analysis. 24 h after transfection, cells are washed 3
times with 1 x PBS and are fixed using 4% p-formaldehyde for 15 min and quickly washed with 50 mM
Tris pH 8.0, 100 mM NaCl to rinse excess fixative
and then washed again for 5 min. It is advisable to
use the right fixative to keep the cell structures intact.
The cover slip containing fixed cells are mounted on
a microscopy slide using Hydromount, an aqueous
non-fluorescing mounting media, and allowed to dry
overnight.

4. Data Acquisition
Any type of fluorescence microscope offering the
necessary settings and controls can be used to
perform the experiment. Although the Zeiss LSM

Figure 2 Schematic representation is describing actual FRET
and non-FRET situation expected from a typical FRET experiment.
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510 confocal microscope is described in detail here,
confocal microscopes from other manufacturers are
suited as well. The software control sequences are
given in the Appendix. If another type of confocal
microscope is used, the equivalent software control
windows have to be identified while the actual steps
remain the same.
The AP-FRET experiment is running as a time
sequence over a period of 35 s. Cells with similar
modest levels of GFP/mRFP expression are chosen.
Cells with high over expression should be avoided.

Dual channel recording (GFP and mRFP) is initiated
pre-bleach and fluorescence intensity is measured
for 8 s. Acceptor bleaching is then initiated for 16 s,
followed by dual channel imaging for further 10 s.
The bleaching time was selected in such a way that
the rate of decrease in fluorescence intensity was
approx. 66 u/s (see data analysis section b). Under
the experimental conditions, the rate of change in fluorescence intensity post-bleaching can be followed
accurately (Figure 2).

Figure 3 A positive FRET control (GFP-mRFP) tandem fusion sample expressed in CHO-1 cells is undergoing FRET measurement.
The sample was prepared as described in the method by co fusing GFP and mRFP and fixing after gene expression.

Figure 4 A negative FRET control (free GFP and mRFP) sample expressed in CHO-1 cells is undergoing FRET measurement. The
sample was prepared as described in the method by co-expressing free GFP and mRFP and fixing after gene expression.
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Figure 5 Experimental FRET sample co-expressing GFP-Cdc42 and mRFP-CRIB in CHO-1 cells. The CRIB domain is a Cdc42 binding
domain of N-WASP protein that binds Cdc42 with high affinity and is fused to mRFP.

In the control FRET negative scenario, there is little
change in GFP intensity post-bleaching. In contrast,
the positive FRET scenario exhibits significant
change in GFP fluorescence intensity post-bleaching. The following four steps are used in order to
collect the images and data.
(i) Start the microscope, software, and laser. Switch
on the microscope and open the software window.
Create a new folder to save image data in order to
carry out the experiment.
(ii) Select an objective and focus the microscope.
Select C-Apochromat 63 x 1.2 W objective by
using Vis and Micro buttons in the expert mode.
Click on Vis and Micro buttons in the software to
focus on the sample using white light. Look for
cells featuring fluorescence tags by using the
mercury lamp and focus on them. Excite the GFP/
mRFP fusion proteins of with the 488 and 561 nm
laser lines as excitation source, while selecting
[405/488/561] as dichoric mirror and [490,565] as
secondary dichoric mirrors.
(iii) Configure laser scanning and detection for
confocal image acquisition. Monitor the emission
by selecting GFP (BP 505-550) and mRFP (LP
575) emission filters to record the fluorescence
intensity. Select ROI and photobleach by using
70% of the power of the 561 nm laser and select
appropriate iterations so that at least 95% of the
fluorescence intensity is bleached.
(iv)Configure the bleaching and time lapse settings
for acceptor photobleaching. Perform bleaching
by running three pre-scan images and three postbleach scans.
Figure 3 shows an experiment with GFP-mRFP

tandem fusion protein expression in CHO-1 cells.
The tandem GFP-mRFP protein is generated from a
cDNA construct where GFP encoding DNA is linked
to mRFP encoding DNA directly. This tandem fusion
protein is predicted to give maximum FRET and
serves as positive control. For the negative control,
we use free GFP and mRFP protein expression in
CHO-1 cells (Figure 4). The experiment uses the
small GTPase of the Rho family, Cdc42, as a GFP
fusion protein. The CRIB domain is a Cdc42 binding
domain that binds Cdc42 with high affinity and is
fused to mRFP. An AP-FRET experiment using GFPCdc42 and mRFP-CRIB is shown in Figure 5.

5. Data Analysis
A. FRET Efficiency
Background intensity data should be obtained
by marking three ROIs outside the cell area for
both GFP and mRFP channels and computing the
average value. The respective background average
value should then be subtracted from the GFP and
mRFP fluorescence intensity values for each time
frame. To calculate the FRET efficiency in percentage, E (%), the background subtracted values of
GFP pre-bleaching and GFP post-bleaching should
be used. These values can be obtained by using the
“show table” function on the software and then by
“exporting” the data as Excel files. The E (%) can be
obtained using the following equation:
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Unbenannt
1
E(%)=

I GFP( post−bleach)−I GFP( pre−bleach)
x 100
I GFP( post−bleach)

B. Pearson Product Moment Correlation Coefficient
– “r”
A very important parameter that can be extracted from
the AP-FRET experiments is the Pearson product
moment correlation coefficient “r”, a dimensionless
index that ranges from -1.0 to 1.0. “r” can be determined by comparing rates of change in GFP fluorescence intensity with those in mRFP post bleaching.
Thus a time series is performed on bleaching mRFP
whereby GFP and mRFP intensities are recorded.
An “r” value of -1.0 indicates a perfect fit with the
linear relation and suggests that the increase in
one parameter correlated with the decrease in the
other parameter. "r” is calculated using the following
equation;

6. Data Verification
The AP-FRET experiment generates two data
types, (i) E (% FRET effiiciency) and (ii) “r” (Pearson
product moment correlation coefficient). The E and
“r” values for the two controls (tandem GFP-mRFP
fusion and free GFP/mRFP) can be used to define
positive FRET. Positive FRET is defined as having
a FRET efficiency value of > 3% and cross-correlation “r” values of between -0.7 to -1.0. Data from a
minimum of about 10-12 cells should be collected for
the calculation of “r”.

7. Applications and Limitations

By choosing different ROIs, it is possible to gain
spatial and conformational information about protein-protein interactions. In our own work on the actin
cytoskeleton and cell morphology, we have used
AP-FRET to examine protein-protein interactions.
∑ (x− x̄)( y− ȳ)
In particular, we have examined the protein-protein
r=
2
2
interactions involved in Cdc42 and Rif induced filo∑ ( x− x̄) ∑ ( y− ȳ)
podia. Small GTPases of the Rho family are well
known to reorganize the actin cytoskeleton downE(%Ux0025)
{I_{GFP
Where =
x and
y are the (post-bleach)}
sample means average- I_{GFP
stream of Ras and growth factor receptors. These
(array1, GFP
intensity)
and average
(array2, mRFP
signaling
pathways involve recruitment of protein
pre-bleach)}}
over
{I_{GFP
(post-bleach)}}
x 100
intensity), respectively.
complexes to sites in the plasma membrane to
remodel actin-membrane structures. Filopodia are
small actin rich protrusions that are dynamic with
a turnover every 1-2 min. Cdc42 is known to bind

√

Table 1 Typical FRET data table complete with necessary controls showing FRET efficiency and correlation
coefficient with standard deviation.
Protein

% FRET E (±SD)

r (±SD)

28.64 ± 3.69
1.91 ± 1.49
2.12 ± 1.49
2.73 ± 1.90

-0.99 ± 0.01
-0.17 ± 0.63
-0.16 ± 0.55
-0.63 ± 0.42

Controls
GFP-mRFP (tandem fusion)
Cyto-mRFP / GFP
mRFP -IRSP53 + Cytp-GFP
GFP-N-WASP + Cyto mRFP

sum (x- bar x)(y- bar y) } over { sqrt{ sum (x- bar
Experimental
}{ sum (ybar y)^2 } }
mRFP-Cdc42V12 + GFP-CRIB (domain)
mRFP-Cdc42N17 + GFP-CRIB (domain)
mRFP-N-WASP + GFP-Cdc42V12
mRFP-N-WASP + GFP-Cdc42N17
mRFP-IRSp53 + GFP-Cdc42V12
mRFP-IRSp53 + GFP-Cdc42N17

18.40 ± 3.56
2.34 ± 2.26
10.17 ± 2.42
2.42 ± 1.66
9.79 ± 3.47
2.69 ± 2.68

-0.99 ± 0.01
-0.09 ± 0.75
-0.97 ± 0.02
-0.47 ± 0.49
-0.94 ± 0.06
-0.1 ± 0.69
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IRSp53, Toca1, and N-WASP. In turn, IRSp53 interacts with F-actin and actin modulators. The latter
group includes Mena, Eps8, mDia1/2, and Dynamin.
An example of such an AP-FRET analysis is shown
in Table 1. Controls are critical in this analysis for the
definition of a positive FRET. The first control is using
the free protein pairs, GFP/mRFP versus a tandem
fusion GFP-mRFP protein. This control defines
minimum and maximum FRET, respectively. Second
control experiment consists in using the experimental
proteins with free GFP/mRFP as pairs. In this case
FRET should not be observable. A last control uses
point mutants (N17 in the case of Cdc42) in which
protein-protein interactions are prevented. The data
in Table 1, which compares controls with experiments, clearly show that Cdc42V12 interacts with
CRIB, N-WASP and IRSp53 in vivo, but Cdc42N17
does not. We have used AP-FRET to examine spatial
interactions of Cdc42, Rif, and IRSp53 with target
proteins[14]. More specifically, we have examined if
these proteins interact with filopodia. Interestingly,
we have been able to show by AP-FRET that IRSp53
interacts with Mena, Eps8, mDia1, and Dynamin but
not with mDia2 in filopodia[17].
Limitations of AP-FRET include:
(i) The need for samples to be fixed.
(ii) The expression levels of donor and acceptor
have to be carefully selected to aim for a 1:1
ratio.
(iii) Several control measurements are needed to
determine non-specific FRET.

8. Conclusions
AP-FRET is the most straightforward and intuitive
method for measuring FRET. On one hand, if two
fusion proteins, such as GFP-Cdc42 and mRFPCRIB, are not interacting with each other, then there
is no reason why bleaching of mRFP-CRIB should
increase the fluorescence intensity of GFP. On the
other hand, if the two fusion proteins are interacting
and their dipole moments are in the correct orientation, while being 10 nm or less apart, then FRET
should occur. In the positive FRET case, bleaching
of mRFP-CRIB should affect the fluorescence of
GFP-Cdc42 (a de-quenching process). Further, the
rate of decrease in mRFP-CRIB fluorescence intensity should correlate with the rate of increase of
GFP-Cdc42 intensity. By the use of two simple equations, the values for E and “r” can be determined and
positive FRET identified.
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Abstract
Sensitised Emission (SE)-FRET is an fluorescence intensity based method that uses changes
in fluorophore spectra to measure FRET. In the
FRET scenario donor emission is decreased while
acceptor emission is increased. CFP/YPF and GFP/
mRFP pairs can be used to generate data with essential control experiments giving background corrections. When background data is subtracted from
experimental data the degree of FRET (FRETc) can
be determined.
We describe here a filter based setup to perform
SE-FRET on a widefield microscope. SE-FRET is
useful for measuring rapid changes protein-protein
interaction in cells under live conditions where spatial
information can also be followed – the classical

example is the measurement of cellular Ca2+ fluxes.
The concentration of CFP (GFP) and YFP (mRFP) in
transfected cells needs to be controlled with similar
levels of both fluorophores being optimal. The ideal
SE-FRET probe is where a single protein contains
both CFP/YFP or mRFP/GFP thereby bypassing the
requirement for controlling individual protein concentrations.

1. Principle and Theory
Here we use the GFP/mRFP pair. When there is
no protein-protein interaction between GFP/mRFP
fusion protein pairs, FRET is not observed, and
donor (GFP) excitation does not lead to excitation
of the acceptor (mRFP). In contrast, when there is
protein-protein interaction, FRET is observed, and

Figure 1 Shown is the schematic representation of SE-FRET occurrence.

Figure 2 Shown is the image representation of donor channel emission and its cross-talk in FRET channel (Cross-talk coefficient
B = 0.087) of donor alone (GFP) sample during donor excitation.
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the excitation of the donor leads to excitation of the
acceptor. In the FRET scenario the donor emission
is decreased and the acceptor emission is increased
(Figure 1).
Theory of Sensitized Emission (SE)
SE-FRET is an flourecence intensity based method
where in widefield implementation filters are used
to separate donor/acceptor (GFP/mRFP signals). In
SE-FRET the fluorescence emission of the acceptor
(mRFP) that results from the radiatiolness energy
transfer from an excited donor (GFP) is measured.
Thus controls are critically important to correct data
for; (i) Cross talk between donor to acceptor channels
and (ii) Direct excitation of acceptor when donor is
being excited (Figures 2 and 3). For controls, four
samples are analysed. GFP (donor only), mRFP
(acceptor only) and a pair of fusions which do not
interact as a negative control. For the fourth sample,
the positive control, we use of a tandem GFP-mRFP
fusion protein.
A range of mathematical equations have be used
to analyse SE-FRET data. We use here Youvan’s
method (equation 1; see Data analysis in section 5).
Two coefficients, A and B, need to be determined.
The coefficient B (Fd/Dd) is measured with donor
(GFP) only (Figure 2) and represents the ratio of the
signal obtained (Fd) in the FRET channel over the
signal obtained in the donor (Dd) channel (Figure 2).
The coefficient A (Fa/Aa) is measured with acceptor
(mRFP) only (Figure 3) and is the ratio of the signal

obtained in the FRET channel (Fa) over the signal
obtained in the acceptor channel (Aa; Figure 3). Both
A and B coefficients are constant for any one set of
experimental conditions.

2. Instrumentation
Here we use a dual view set-up on an Olympus
widefield microscope with a 60x oil with appropriate
GFP and mRFP excitation/emission filters and corresponding dichroic mirrors; a Xenon lamp for excitation, a CCD camera as detector and Metamorph
software for image acquisition.

3. Methods
3.1 Materials Required
Any mammalian cell line of interest could be used.
We chose here CHO-1 cells as they are easy to
transfect and culture in 37°C CO2 incubators. Fetal
bovine serum (FBS), Antibiotics (penicillin and streptomycin),Trypsin, cDNA encoding GFP and mRFP
acceptor and donor pairs, F-12K nutrient mixture
[Kaighn’s modification] media and transfection
reagent (Turbofect). Glass bottom Matek dishes.
3.2 Sample Preparation
1.	 CHO-1 cells were grown in a 75 cm2 tissue
culture flask up to 90% confluency in the complete
growth media (1 x F-12 nutrient mixture [Kaighn’s

Figure 3 Shown is the image representation of acceptor channel emission and its cross-talk in FRET channel (cross-talk coefficient
A = 0.043) of acceptor only (mRFP) sample during acceptor excitation.
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Figure 4 A negative FRET control sample [GFP-NWASP and mRFP-Toca (non-interacting mutant)] expressed in CHO-1 cells upon
488 nm excitation during FRET measurement. FRETc image was obtained by performing the cross-talk correction on FRET channel
image.

Figure 5 Shown is the CHO-1 cell expressing positive control (GFP-mRFP) tandem fusion image in donor, acceptor and FRET channel
respectively obtained using 488 nm excitation. FRETc image was obtained by performing the cross-talk correction on FRET channel
image.

modification] media) containing 10% FBS and 1%
antibiotics [penicillin and streptomycin].
2.	 Cells were detached from the flask, using 2 ml
trypsin and incubating at 37°C for 5 min. Cells
were counted using a hemacytometer.
3.	 For transfection, cells were seeded with a cell
density of 1.5 x 104 cells in a tissue culture Matek
glass bottom dish and left for 24 hours.

4.	 CHO-1 cells were transfected using Turbofect
transient transfection reagent as per the following protocol; Mix 3 μl of Turbofect with 1.5 μg of
plasmid (1:2 (w/v), DNA/Turbofect) and 150 μl of
serum free media in a tube and allow it to stand
for 25 min at room temperature. Transfection
mixes of different plasmids were transferred
into different wells of a 6 well plate containing
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cells. The transfected cells in 6 well plates were
incubated in 37°C for 24 hours to allow protein
expression to occur. Typically 5 transfections
were carried out in parallel:
a) GFP-mRFP tandem fusion (positive control)
b) Experimental sample (coexpression of
mRFP-Toca + GFP-NWASP). Protein pairs that
are known to interact be independent methods.
c) Coexpression of mRFP-Toca (mutant) + GFPNWASP (negative control)
d) GFP alone expressing sample and
e) mRFP alone expressing sample.
5.	 On the day of fluorescence measurements, cells
were harvested and rinsed 2 times with PBS
containing 2.0 ml of Hank’s Balanced salt media
(Gibco).

4. Data Acquisition
Switch on microscope Olympus IX81 live cell system
and accessories and allow microscope to warm up
(Screen shot prints are given in Appendix). Briefly,
the following four steps were used to collect images.
(i) Switch-on the microscope. Switch on the microscope with dual view setup and start Metamorph
software. Create a new folder to save image
data in order to carry out the experiment.
Un
benann
t
2focus the microscope.
(ii) Select an
objective
and
Select 60X oil objective and focusing the sample
open software window. To focus the sample use
white light then look for cells having fluorescence
signal using Xenon lamp.
(iii) Configure the software for acquisition and calculating crosstalk coefficients A and B
(iv) Capture FRET images for data analysis.

5. Data Analysis
After determining the coefficients A and B, equation
1 is used to determine FRET and is called FRETc for
corrected data.

[

Fc=Ff −

][

Fd
Fa
⋅Df −
⋅Af
Dd
Aa

]

(1)

This data analysis protocol has been automated in
the Metamorph FRET module.

6. Data Verification
It is important to use negative and positive controls
in the experiments to eliminate possible artifacts.

For negative control we use GFP and mRFP fusion
protein pairs that we know do no interact. For the
positive control we use a tandem GFP-mRFP fusion
that will give maximum FRET.
To validate the data obtained with the widefield
protocol the samples can be analysed using spectral
imaging on a confocal microscope. In the present
case an FV1000 Olympus microscope was used.
The data was collected in the lambda scan mode
by exciting the FRET (tandem fusion GFP-mRFP)
sample with donor excitation (GFP, 488 laser line).
The emission was scanned through by adjusting
the filter range in the lambda mode from 475-675
nm. Basically the emission scan covers the donor
emission (490-550nm) along with FRET emission
(575-675 nm) using single donor excitation. Figure 6
shows a typical example of spectral imaging data of
FRET sample obtained in the region of interest (ROI)
in lambda scan mode. The GFP-mRFP expressing cell used for spectral imaging before and after
acceptor photobleaching is shown in figure 6 (a). The
spectral data in the ROI of the cell which is subjected to pre and post acceptor photobleach (using 559
nm laser line) to abolish FRET in the ROI is shown
in figure 6 (b and c, respectively). From the data it
can be observed that the FRET emission peak seen
in the ROI of GFP-mRFP sample is lost upon photobleaching the acceptor, simultaneously the donor
(GFP) intensity increased due to de-quenching effect
of acceptor bleaching (Figure 6b and c).

7. Limitations
SE-FRET is an indirect method to measure FRET.
In SE-FRET images and data need to be corrected
and analysed before the presence or absence of
FRET can be determined. Critically important in the
SE-FRET method described here is to look for cells
that have similar levels of donor and acceptor protein
concentration. The SE-FRET experiments can be
optimised by insuring the expression levels of donor
and acceptor are similar to endogenous levels. Also
one should check that protein localization of the
GFP/mRFP fusion proteins is similar to that found for
the endogenous protein. If protein concentration of
the fusion protein pairs are different then protein concentration normalisation can be carried, However,
this approach is not preferred. Normalisation can be
achieved by determining A and B coefficients with
protein concentrations of donor and acceptor as
for the experimental condition. In SE-FRET specific
controls should be considered in advance and are
essential for assessing the presence or absence of
protein-protein interactions. With regard to controls,
point mutants of fusion proteins that do not change
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Figure 6 Shown is the spectral imaging (SE-FRET) mode data (a) positive control sample (GFP-mRFP) tandem fusion expressed in
CHO-1 cells image in donor and acceptor channel respectively upon 488 nm excitation. The ROI was photo bleached using 561 nm
laser and used for spectral image FRET measurement. (b) Spectral image measurement data from control cells. (c) Spectral image
measurement data of (a) before and after acceptor bleaching.

the overall size or structure but affect protein-protein
interaction, are powerful negative controls.

8. Conclusion
Controls and validation in SE-FRET are key for obtaining accurate data. The SE-FRET allows event
occurring in the msec range to be followed with good
spatial resolution (see range of uses for SE-FRET
in Table 1). Thus SE-FRET is the FRET method of
choice for monitoring rapid events in live cells.
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Table 1 Table describing the publication list of SE-FRET method applications used in cells with various
fluorescent proteins FRET pairs.
Application

FRET-PAIR

Reviews on Sensitized emission FRET

References
(Padilla-Parra and Tramier, 2012)[1]
(Periasamy et al, 2008)[2] (Miyawaki,
2011)[3]
(Jares-Erijman and Jovin, 2003)[4]

Selected Recent Applications
Observing distinct micro domains

mCFP-mCit

(Abankwa and Vogel, 2007)[5]

FRET efficiency measurement in live cells

CFP-YFP

(Chen et al, 2006)[6]

Homo- and heterodimerization of two human
peroxisomal ABC transporters

CFP-YFP

(Hillebrand et al, 2007)[7]

Structure and localization of functional neurokinin-1 receptors

CY3-CY5

(Meyer

Homodimerization and internalization of galanin
type 1 receptor

CFP-YFP

(Wirz et al, 2005)[9]

Role of calmodulin in MAPK signaling

CFP-YFP

(Moreto et al, 2009)[10]

Serotonin transporter oligomerization document- GFP-mCherry
ed in RN46A cells and neurons

et al, 2006)[8]

(Fjorback a et al, 2009)

[11]

Dynamic but not constitutive association of
calmodulin with rat TRPV6 channels

CFP-YFP

(Derler et al, 2006)[12]

AKAP79-mediated targeting of the cyclic AMPdependent protein kinase

CFP-YFP

(Gardner

Identification of plasma membrane macro- and
microdomains

CFP-YFP

(Kobrinsky et al, 2005)[14]

Investigation of the dimerization of proteins from CFP-YFP
the epidermal growth factor receptor family

et al, 2006)[13]

(Liu et al, 2007)[15]
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Appendix
Image Acquisition Using Metamorph
→→ Click on Metamorph software

→→ Metamorph opens with the following window
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→→ Click on DIC and shutter to open to view the cells through eyepiece

→→ Click on Multidimensional button
→→ The window opens up a new page
→→ In the new window create a folder to save images by clicking select directory
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→→ Click on wavelength and multiple wavelengths to select different channels

→→ Now select the required wavelengths using illumination button
→→ Keep the Gain at 1 and Digitizer at 10 MHz
→→ Adjust the exposure time to the desired levels
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→→ Click on live to open a new window for selecting right cells for imaging
→→ Also select the required ND filter to reduce bleaching while imaging

→→ The following window shows two channel image collected for crosstalk correction of GFP
→→ Repeat the same for RFP correction factor using RFP wavelength
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→→ Finally select acquire to get three channel image for experimental sample to perform corrected FRET

→→ The collected images could be used for obtain FRETc
→→ Click on Apps and select FRET from Metamorph software and select sensitized emission method
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→→ Feed in the correction factor coefficient values by selecting image correction button in FRET window
→→ Draw a ROI outside the image and select regions in background subtraction and click apply to get FRETc
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1. Principle and Theory
The excited-state lifetime is defined as the mean
time a molecule spends in the excited-state. The excited-state lifetime of a fluorescent probe provides
a robust and sensitive measure of the probe’s environment. It can change in response to environmental changes such as micro-polarity and pH. It
can also change when a suitable molecule in nearby
by a process called fluorescence resonance energy
transfer (FRET). In the latter case the excited-state
lifetime of the fluorophore decreases in a characteristic fashion with distance between the two molecules.
The excited-state lifetime, unlike intensity, is a kinetic
quantity and as such largely independent of factors
such as concentration or optical path length. When
the lifetime is resolved spatially and presented as
an image we refer to this as a fluorescence lifetime
image. The technology used to collect and interpret
a fluorescence lifetime image is called fluorescence
lifetime imaging microscopy (FLIM).
The principle behind measuring excited-state lifetimes is to excite the molecule of interest and
measure the response of that molecule to that excitation. In the time-domain the excitation is pulsed
and the response is a convolution of that pulse with
the excited-state decay of the molecule-usually for
short pulses the emission appears as an exponentially-decaying signal, see Figure 1.
The frequency-domain technique is less intuitive

than the time-domain analogue because we are
often used to thinking of decay processes in time. But
in fact our circadian rhythms operate in the frequency-domain. We are used to waking and sleeping with
a given period or frequency which is controlled by
the periodicity of night and day. We can also excite
a collection of molecules with light that is continuous but intensity modulated with a given frequency.
If the molecules emit photons immediately after excitation, then the emission will appear with the same
frequency as the excitation and the shape of the
emitted waveform will be identical to the shape of the
excitation waveform. This is the situation of zero-lifetime. However, if there is a delay between excitation
and emission, due to a finite excited-state lifetime,
then the emitted waveform will be shifted in phase.
We call this a phase shift or a phase lag. A human
analogy is jet lag. The light and day cycle is shifted in
phase due to air travel from different time zones and
this is out of phase with our internal circadian clock.
In the frequency-domain two parameters are
obtained from the detected waveforms that related
to the lifetime or lifetime distribution. Not surprisingly,
the phase shift, is related to the lifetime of the excited
state. As implied from the above discussion, the
smaller the phase difference between excitation and
emission, the shorter the lifetime of the excited state.
Another property of a waveform is the modulation. A
time-delay between excitation and emission causes
a loss of modulation or demodulation of the fluorescence signal. That is the longer the excited-state
lifetime the greater the demodulation.
Figure 2 contains a schematic that illustrates and
defines modulation and phase-shift.
For a single exponential decaying system characterised by a lifetime, t, the intensity remaining, I(t), after
time, t is given by the expression.
(1)
The corresponding phase (f) in FD-FLIM is given by
the expression,
(2)
And the modulation is given by the expression,
(3)

Figure 1 Schematic representation of the principle behind time-resolved fluorescence measurement techniques. Top: Delta excitation
pulse (blue line) excites a fluorescent sample (cylinder) and this
sample emits fluorescence with exponential time decay (red line).
Middle: If the excitation pulse (blue line) is broad, the response to
the excitation appears as broadened emission decay (red-line).
Bottom: Sinusoidal-modulated excitation (blue line) and resulting
sinusoidal emission (red line). Note the change in shape of the fluorescence due to the finite excited state decay of the fluorophore.

In equations (2) and (3) w is the modulation frequency.
The lifetime determined from the phase (equation 2)
is often referred to as the “phase lifetime” and the
corresponding lifetime determined from the modulation (equation 3) is called the “modulation lifetime”.
For single exponential processes the phase lifetime
is equal to the modulation lifetimes. For non-exponential decay processes (those involving sums of

Intensity
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Figure 2 Schematic representation of excitation and emission waveforms in FD-FLIM. Blue line represents the excitation waveform with
average signal intensity A and waveform amplitude B. The red-line represents the waveform of the emission. Due to the finite lifetime of the
excited-state, the emission waveform is shifted in phase (j) and de-modulated, that is the amplitude of the emission waveform (b) divided by
the average signal (a) is reduced compared to the modulation of the excitation (B/A).

exponential functions) the phase lifetime and modulation lifetimes are not equal. Expressions for more
complex decaying systems (non-exponential time
decays or sums of exponential decays) are given
elsewhere. Although determination of these more
complex models is possible using multi-frequency methods, in practise measurements of FLIM on
biological samples are performed at a single modulation frequency. For questions of biological importance one is usually more interested in a change in
the emission decay of a sample through FRET or
changes in microenvironment. Importantly, changes
in the excited-state lifetime of the fluorophore are
inferred through a change in the phase and modulation of the emission. Later we will see a representation of this phase and modulation that is particularly
convenient and useful for interpretation of FLIM experiments.
How is the Fluorescence Waveform Detected?
Before we go into the “nuts and bolts” of the instrumentation, it is important to consider how the sinusoidal
fluorescent waveform is detected. As can be gleaned
from equations 2 and 3, to measure lifetimes on the
order of nanoseconds requires modulation frequencies of the order of reciprocal lifetimes, i.e. 10-100
MHz. The excitation must be modulated at high frequency and we require the phase and modulation
of the emitted high-frequency signal. The determination of the emitted fluorescence signal waveform
can be achieved using heterodyne or homodyne
detection. In heterodyne detection a high-frequen-

cy signal is transformed into a low frequency signal.
In homodyne detection the high frequency signal is
transformed into a static phase-dependent signal. In
both techniques the fluorescence signal is multiplied
with a reference waveform derived from a common
modulation source.
In the heterodyne technique the gain of the detector
is modulated at a slightly different frequency to the
frequency of the excitation source. The result of
mixing the emission at one frequency with the gain at
a slightly different frequency is a new waveform with
low frequency and identical phase and modulation
to the original (high-frequency) emitted waveform.
Time-sampling of this low frequency waveform and
subsequent Fourier analysis recovers the phase and
modulation information.
In the homodyne method the gain of the detector is
modulated at exactly the same frequency as the excitation. This gives a filtered signal that depends only
on the phase difference between the emission and
the reference waveform. This signal may be sampled
by shifting the phase between the detector and the
excitation. Repeating this process generates a
waveform at each pixel of the image which contains
the phase and modulation information.

2. Instrumentation
A schematic of a typical wide-field FD-FLIM is shown
in Figure 3. This system is built around a research
grade microscope with the light source directed
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Figure 3 Schematic representation of the LIFA wide-field FD-FLIM. Components are discussed in the main text. (Diagram from the Lambert
Instruments LIFA manual).

through the back of the microscope and the detector
mounted onto an emission side-port (microscope
not shown). The difference between a conventional
microscope and an FD-FLIM microscope lies in the
detector. The heart of this system is the micro-channel plate image intensifier which serves as the mixing
device in homo-dyne or heterodyne detection. The
gain of the intensifier is modulated at high-frequency under control of the signal generator and this
waveform is essentially mixed in the detector with
the emission signal waveform that emerges from the
microscope. The signal generator sends an identical
frequency signal to the light source which provides the
modulated excitation waveform. The CCD camera is
a detector that provides a digital 2D representation
of the image that impinges on the MCP phosphor.
The computer contains software that controls the frequency of modulation and shifts the phase between
the MCP and light source, reads the images from the
CCD camera, and computes lifetime images.
Light Sources
In FD-FLIM any repetitive waveform that excites the
molecule of interest is required. For typical lifetimes
of 1-10 ns one requires 10-100 MHz frequencies
(see equation (2)). Continuous lasers can be used
in combination with acousto-optic or electo-optic
modulators to provide the periodic, modulated excitation waveform. Pulsed laser systems such as
Ti-Sa lasers, have also been used and provide the
added advantage of two-photon excitation. Direct
electrical modulation of light-emitting diodes and

laser diodes has been demonstrated. For example,
in the Lambert Instruments LIFA system modulated
LEDs or modulated laser diodes are used as the excitation source.
Detectors
The detection of the emitted fluorescence signal
waveform can be carried out in a number of ways
depending on the configuration of the microscope
(scanning or wide-field) or whether the detection
is homo-dyne or heterodyne. When scanning is
used (either stage scanning with fixed laser or laser
scanning with fixed stage) the emission is focussed
onto a single detector, usually a photomultiplier tube,
an avalanche photodiode or a micro-channel plate
detector and the signal is timed with the position of
the scanning stage or laser to extract an image. In
wide-field FD-FLIM instruments the whole field is
illuminated and the image focussed onto an area
detector such as a micro-channel plate image intensifier and a charge-coupled device camera.
Microscope
Most FLIM systems are built on a research grade fluorescence microscope. The objective lens is an essential optical element that provides the magnification needed to see objects on the (sub) micron scale.
The delivery of the excitation light and the handling
of the fluorescence emission differ depending on
the type of microscope and the desired imaging
modality but most systems employ a dichroic mirror
to reflect emitted light to the detector and excitation
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and emission filters to select excitation and emission
wavelengths.
In confocal systems, hardware is needed to deliver
and raster scan a laser beam to the sample and a
pin-hole between the emission and the detector
is utilised to reject out of focus light. In wide-field
systems, no extra hardware is needed aside from the
excitation source, signal generator and image intensifier and charge-coupled device camera.
Software
The output of a FD-FLIM experiment is a stack of
images that represents a sinusoidal function at every
pixel. There are a number of steps required before
the raw data stacks can be converted into a lifetime
image. These steps include;
1. Background correction. This can be performed
in a number of ways. A small region outside the
sample is interactively selected and the average
intensity value from that region in each phase
image is subtracted. Alternatively, an image is
collected with the excitation source blocked and
this image is subtracted from each phase-dependent image. In-cell background correction
is more challenging but can be done in some
circumstances as a post processing step (see
details later).
2. Correction for photobleaching. All fluorophores
photobleach to some extent and if not taken into
account FD-FLIM values can be distorted. The
traditional photobleaching correction is to record

phase images in one sequence then re-record the phase images in reverse sequence.
Averaging the two sequences of images corrects
for linear photobleaching. A more recent innovation utilised permuting the recording order
so that the phase steps are not sequentially
increasing but rather pseudo-random in recording order. This second method is advantageous
because it obviates the requirement of recording
two series of phase stacks.
3. Correction for instrumental phase shift and demodulation. The instrument has an intrinsic
phase bias and a demodulation. In the time-domain this is called the instrument response
function and represents the finite width of the
laser pulse and the timing jitter in the detector
and the electronics. In the frequency domain,
the light source, electronics and detector all
contributed to a finite demodulation and phase
of the instrument. This is readily corrected by
recording a phase stack of images with a reference of known lifetime (fluorescein, rhodamine
6G are good examples). Because the reference
stacks are from solutions with no microscopic detail spatial averaging is usually performed
on these solution images before the phase and
modulation images are extracted.
4. Calculation of phase and modulation images of
sample and reference. Once the image stacks
representing corrected images are stored in
memory, the phase and modulation images are
required because they contain information about

Figure 4 A Representative lifetime histogram. Plot of the number of pixels versus fluorescence lifetime (in nanoseconds). The large number
of pixels in an FD-FLIM image leads to large sample sizes and consequently well-defined lifetime distributions. Even small lifetime shifts of
the order of 100ps or less can be readily discerned. B Representative lifetime image. Note the regions in blue that denote very short lifetimes
(1.6 ns) compared with the yellow-orange regions (2-2.1 ns).
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the excited-state decay processes at hand. The
phase-stacks can be processed efficiently using
Fourier Transform methods, namely discrete
sine and cosine transformations, which in turn
can be manipulated to deliver the required
phase and modulations at every pixel location in
an image. Direct fitting to a sinusoidal function
is also a possibility, which yields the required
phase and modulation.

(4)
(5)
For a single species the time-decay of the fluorescence emission is represented by a single point
on the polar plot at location (Mcosf,Msinf). If the
emission decay is single exponential, the phasor
will be located somewhere on a semi-circle circumscribed by the points (0,0), (1/2,1/2) and (1,0) and
the position on that semi-circle reveals the actual
lifetime value. For more complex heterogenous
decays the phasor will be located inside the semi-circle. For excited-state reactions involving sensitised
acceptor emission or solvent relaxation, the phasor
will be located outside the semi-circle.
The polar plot can also reveal data from different
experiments (different samples, or same sample
different conditions) or data as a function of image
location or time or any other hidden variable. The resulting spread of data is often referred to as a polar
plot trajectory. The use of the polar plot has many
advantages.
(a) Irrespective of the complexity of the fluorescence
decay, any fluorophore can be represented as a
single point in the polar plot.
(b) Mixtures between different species are represented by the vector sum of the phasors of the

Once the phase and modulation are known then
phase lifetime and modulation lifetime images are
created (see equations 2 and 3). The lifetime images
can be color-coded to aid visualisation of regions
with different lifetime. An alternative representation is
in terms of histograms. The lifetime is binned into different values on the horizontal axis and the number
of pixels in each bin is plotted on the vertical axis. An
example of a lifetime histogram is displayed in Figure
4A and an example of a color-coded FLIM image is
shown in Figure 4B.
A very useful and convenient visualisation of data is
achieved with a plot called the polar plot (or phasor or
AB-plot). The phase and modulation is transformed
into point on a 2D plot. For a given phase, f, and
modulation, M, the coordinates of the point on the
polar plot are;

1
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0.2
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A
Figure 5 Polar plot or AB-plot. The red dot represents one fluorescent species with a given fluorescence decay profile. The length of the redline is the modulation of the emission and angle subtended by the red-line is the phase. Selected single-exponential lifetimes are denoted by
the black dots on the dashed semi-circle. Binary mixtures of different lifetime species are denoted by the chords linking the dots. A,B,M and j
are defined in the text.
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individual species. All possible mixing combinations fall on a line connecting the individual
species. For the mixture of three species the
mixture falls inside a triangle. For N-species this
will be a polygon with N-vertexes.
(c) FRET experiments can also be simulated taking
into account background fluorescence and contributions from non-FRET states.
(d) Data from only one modulation frequency is
required.
(e) Analysis of a potentially complex multi-exponential decay problem is reduced to simple rules
of vector algebra and trigonometry.

3. Method
Sample: General Considerations
The most important sample in FD-FLIM is the reference solution! The reference must have a defined,
single exponential lifetime that is spatially-invariant.
If these conditions are not met then the lifetime measurements of the sample will be in error. We have
found that a dilute (1-5 mM) solution of rhodamine 6G
in distilled water provides an excellent and robust reference solution with a lifetime of 4.1 ns. A few drops
(100-200 mL) of this solution applied to a coverslip.
Other standards in use include fluorescein
(4 ns), rhodamine B (lifetime 1.7 ns), erythrosin
(0.080 ns). Scattered light (0 ns) in principle can also
be used but care is needed to avoid spurious multiple
reflections can cause artefacts.
The sample for FD-FLIM should be prepared in the
same way as for standard fluorescence microscopy.
That is the cells should be live or fixed, as appropriate, and the molecules or cellular structures of
interest need to be specifically tagged with a fluorescent probe. FD-FLIM is compatible with standard
dyes (the Alexa dyes, fluorescein, rhodamine) and
genetically-encoded probes (GFP, CFP, YFP, and
other flavours). One has to be mindful that experimental conditions such as pH, temperature, fixation
and mounting can all affect lifetimes. This needs to
be taken into account in the experimental design and
also when comparing results from different datasets
or different laboratories.
For FRET studies one normally compares the
lifetime of the donor with the lifetime of the donor
in the presence of an energy transfer acceptor. In
these cases more samples need to be prepared.
One sample with donor-only, one with donor and
acceptor, one with acceptor only and an unlabelled
set of cells.
Sample: Specific Examples
GFP-fusion construct transfection into cells
A procedure we routinely use for transfecting epider-

mal growth factor receptor-GFP into HEK293 cells is
given below.
1. Sub-confluent HEK293 cells (2.5 X 10⁵ cells)
were seeded onto sterilized coverslips housed in
6-well plates in 5 mls DMEM + 10% foetal calf
serum and cultured at 37°C in 5% CO2. After 6
hours, the media volume was brought up to 5
mls with DMEM + 10% fetal calf serum.
2. Immediately prior to transfecting the cells, the
media volume was reduced by aspiration to 1 ml.
3. EGFR-eGFP cDNA was complexed to the non-liposomal transfection reagent FuGENE 6, at
a ratio of 1:6, in serum-free DMEM, incubated
for 30 mins at room temperature, then aliquoted
dropwise onto the cells.
4. After 6 hours, the media volume was brought up
to 5 mls with DMEM + 10% fetal calf serum.
5. The cells are left for at least 24 hours to allow
transfection.
Immuno-staining protocol
The protocol for antibody-staining and imaging is
shown below.
1. Seed A431 cells on sterile round cover slips,
washed with PBS.
2. Grow to ~80% confluence.
3. 1x wash with warm (37oC) PBS – aspirate fluids.
4. Fix cells – add 4% PFA to each well to cover the
cells (0.5-1.0ml). Incubate 25min @ RT.
5. Wash 2x PBS
6. Incubate with mAb528 – 50µg/ml in FACS buffer
(PBS/5% FCS). 18µl of 11.7mg/ml in 4.2ml
FACS buffer, allowing 0.7ml/well for total of 6
wells. Incubate 15-30 min RT.
7. Wash 1-2 x PBS
8. Incubate with anti-mouse-IgG FITC-secondary
mAb (sheep anti-mouse IgG (Fcgamma chain)
FITC conjugate from Jackson Immunoresearch
#515-095-071) –50µl of 1.5mg/ml in 3.8ml FACS
buffer, allowing ~0.7ml/well for total of 5 wells
(final concentration of ~20µg/ml). Incubate 15-30
min @ RT in the dark.
9. Wash 1-2 x PBS
10. Mount cells on slide (no glycerol between the
coverslip)
Protocols for FRET studies
For FRET studies one needs ideally four samples;
1. Donor-only sample
2. Acceptor-only sample
3. Donor-Acceptor sample
4. Cell background-sample with no transfection or
labelled molecules introduced.
Samples 1 and 2 are needed to compare lifetime of
donor with lifetime of the donor in the presence of
acceptor (see below).
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Samples 2 and 3 can be used to determine FRET
through sensitized emission (see below).
For donor-detected FRET studies sample 2 ensures
no spectral bleed-through from acceptor into the
donor channel.
Sample 4 is to correct the data for background fluorescence signal.

4. Image Acquisition
The reader is directed to the Appendix provided by
Lambert Instruments on the operation of the LIFA instrument and obtaining a lifetime image.

5. Data Analysis
The lifetime image takes a bit of getting used to. It
is a map of kinetic processes not the intensity or
concentration of species as in normal fluorescence
microscopy. As a consequence lifetime images can
sometimes appear to have less contrast than a fluorescence intensity image. Careful analysis and
display of lifetime images can provide improved interpretation.
Histogram Analysis of Regions of Interest
Spectroscopists are used to measuring absorption
or emission spectra and measuring shifts in spectra.
Lifetimes can be displayed in a similar fashion using
histograms- a plot of the no. of pixels versus lifetime.
Differences in lifetime between different regions
of interest of the same image can be revealed by
plotting the lifetime histograms of these regions of
interest. Using the ROI tools one can select successive regions, which will be numbered 1,2,3 etc. Then
going to the statistics tab tick the boxes corresponding to the lifetime histogram and the ROI number.
A color-coded histogram will appear in the window.
The statistics function also provides information on
the mean, standard deviation and the number of
pixels in the ROI. The histogram analysis can also
be applied to different experiments. For example in
FRET one compares the lifetime of cells containing
a donor with cells containing a donor and acceptor.
A shift in the donor histogram to lower lifetime values
in the presence of acceptor indicates FRET from the
donor to the acceptor.
Polar Plot Analysis
Another way of visualising a FLIM experiment is to
use the polar plot. This can be accessed using the
polar plot tab in the LIFA software or alternatively
one can use Enrico Gratton’s Globals for Images
software. As mentioned before the polar plot represents the phase and modulation values of an

image on a two-dimensional graph. For images
the polar plots usually appear as a cloud of points
instead of a single point. A selection tool is used to
point to specific regions of the polar plot and pixels
with these phase and modulation characteristics are
highlighted onto the intensity image.
Interpretation of Results
Tests of statistical significance
For cell biophysical studies, where biological variability is the rule, statistical tests are an important way of
testing whether two sets of observations are significant or insignificant. The simplest implementation is
to analyse 20-50 cells (number of observations, N¹)
from one treatment and 20-50 cells (number of observations, N2) from another treatment and compute
the corresponding mean phase lifetimes (x1 and x2)
and variances (s1 and s2) in the phase lifetime from
each treatment dataset.
The t-value, which provides a measure of whether
the mean values from each dataset are significantly
different, is given by the expression,
(6)
The number of degrees of freedom is given by
N1+N2-2. Using the number of degrees of freedom
and the t-value, a t-table can be examined to determine the significance level of the t-value. For example
if 10 cells per treatment condition is measured, the
number of degrees of freedom is 18. Inspection of a
t-table reveals that for t-values greater than 2.1 the
means of the two datasets are significantly different
at the 95% significance level.
Background Mixing
For cells containing a high level of fluorescence
label background fluorescence is usually ignored in
FD-FLIM. However as meaningful, biologically-relevant studies demand protein expression at physiological levels background fluorescence can become
an inevitable component of the detected emission.
There are generally two types of background. Off-cell
background arises from camera offset, room lights,
immersion oil, buffers and cover-slips. This type of
background can be examined by selection of regions
that do not contain cells and subtracted or taken into
account in analysis. Cellular autofluorescence is the
other source of background and arrises from native
(not extrinsically-labelled) molecules contained
within the cell eg flavins, collagen etc. This type of
fluorescence must be measured in unstained cells
before it can be subtracted.
The effect of background mixing into the (desired)
sample is given by the simple equations,
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(7)
(8)
Where A and B are the sine and cosine components
of the phasor (defined above), and a is the fractional fluorescence contribution of the sample emission
to the total emission. Equations (7) and (8) can be
applied to cell populations, single cells, or at the pixel
level. Significant background mixing can be visualised in an FD-FLIM image from the polar plot as an
elongated cloud of points that begins at (B,A) sample
and stretches out to (B,A) background.
FRET or no-FRET?
Arguably FD-FLIM is of greatest use in FRET applications for detecting interactions (or conformational
changes) between labelled biological macromolecules. In FRET excitation of the donor molecule
results in non-radiative transfer of energy to the
acceptor molecule. If the acceptor is fluorescent it
can emit a fluorescence photon. The requirements
for FRET are restrictive. The spectral properties of
the fluorophores, the orientation between the fluorophores and the distance are important determinants on the efficiency of the FRET process. These
aspects are discussed in detail elsewhere.
Detection and measurement of FRET by FD-FLIM is
relatively straightforward but depends on the experimental design. The measurement method is a consequence of the photo-physics of the FRET process
itself.
FRET induced donor lifetime quenching in FD-FLIM
FRET adds a non-radiative decay channel to the
excited state of the donor. As a consequence FRET
decreases the lifetime of the donor molecule in
the presence of the acceptor. To detect FRET one
measures the lifetime of the donor in the absence
of the acceptor (td) and then measures the donor
lifetime in the presence of the acceptor (tda). The
FRET Efficiency, E, can be computed with the
relation,
(9)
The donor lifetime can be determined from a sample
containing the donor-only (with no acceptor).
Alternatively, the donor-only sample can be prepared
from the donor-acceptor sample photo-chemically
by photobleaching the acceptor (see acceptor photobleaching chapter). It is very important that in the
donor lifetime method the donor is uniquely excited
and the emission represents the emission from the
donor only. In FD-FLIM lifetime is often the phase
lifetime or modulation lifetime. The FRET can also

be calculated using the polar plot and is visualised
as a movement of the donor phasor in a clockwise
direction along the universal-circle.
Methods exist for using the polar plot to analyse
FRET in the presence of background emission or
in the situation of variable amounts of FRET and
non-FRET states. The reader is referred to the publications for more detailed accounts.
Sensitized Emission
FRET results in a delayed emission from the
acceptor fluorophore because the initially excited
donor transfer energy is transferred (albeit invisible,
non-radiatively) to the acceptor. This delay gives
an additional phase shift to the acceptor emission
(over that associated with the normal excitation and
emission from the acceptor). This extra phase can
cause an effect known as lifetime inversion, that is
the lifetime calculated from the modulation becomes
less than the lifetime calculated from the phase.
This effect also causes the phasor of the acceptor to
move in a counter-clockwise movement outside the
semi-circle of the polar plot.
Artefacts and Trouble shooting
Photobleaching
Photobleaching can dramatically distort lifetime measurements and in some cases cause an inversion of
modulation and phase lifetimes even for simple fluorophores. Reducing the excitation intensity and measurement times can reduce photobleaching. When
photobleaching is unavoidable, pseudo-random
phase recording can help reduce the effects of photobleaching on lifetime measurements. Consideration
of background is needed if photobleaching deteriorates signal to background levels.
Roomlight
Roomlight adds a DC signal to the data. This systematically causes a demodulation of the signal and
will distort the lifetime computed from the modulation
(i.e. the modulation lifetime will increase). The phase
lifetime will not be effected for pure DC signal background. This can be visualised in the polar plot as a
line that connects the origin (0,0) to the fluorescence
signal. This can be eliminated by turning off the light,
covering the sample, or ensuring a background correction image is recorded and subtracted from the
phase stacks.
Sample Movement
An FD-FLIM image is a single image derived from
several individual images obtained at different times
(or different phase steps). An implicit assumption is
that there is no movement during image acquisition
or perhaps more precisely that the concentration distribution of fluorophores in the image is time invari-
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ant during the FLIM acquisition. This is often a good
assumption (where fluxes in the cell ensure pseudo-steady-state) or cells are fixed. However, in some
cases “comets” can appear in the lifetime images
and correspondingly, streaks in the polar plot. These
are due to motion of a small number of particles in
the image. Whole cell motion will give the effect of
shadowing whereby there is a distinctive gradient
of high to low lifetime. Motions of a large number of
particles will broaden lifetime histograms and cause
a blooming of polar plots. In some selected cases
this is useful for determining translational diffusion
coefficients23. Stabilising the sample and decreasing exposure times is the best way to reduce these
effects.
Instrument Drift
Drift can sometimes occur due to lack of temperature
stabilisation on LEDs or AOMS or electronics. If left
unchecked, drift can give erroneous impressions of
time-dependent biological phenomena or give erratic
results. The simplest way of diagnosing and correcting drift is to measure a lifetime standard or any
stable sample periodically. Small lifetime fluctuations
(<0.1 ns) are probably due to random fluctuations.
However, any monotonic change in the lifetime of the
standard is evidence for drift.
A good way to avoid drift is to carry out drift tests
during instrument warm up until stability is confirmed.
We have found drift to be a rare problem with our
set-up with stability of better than 50 ps over a period
of hours. Another way of safe-guarding against drift
is by permuting sample collection order so that the
same sample or reference is collected at several different times.
Fixation, Antifade
We have found that fixation can alter the lifetime of
a YFP-tagged cell surface receptor and more anecdotal evidence suggests it can effect lifetimes of
GFP-tagged proteins. The exact reason for this phenomenon is not currently known but it is important
to understand that the lifetime of a fluorophore in
living cells is not necessarily the same as in fixed
cells. Antifade has also been anecdotally attributed
to lifetime changes. Because the composition and
quantity of antifade may vary from batch to batch or
sample to sample it is not recommended to use this
with FLIM experiments.
Temperature
Most cell studies are carried out a 4 degrees centigrade, 37 degrees centigrade or ambient temperature (often undefined). The excited-state lifetimes of
nearly all organic fluorophores depend on temperature with a decrease in lifetime with increasing temperature. Where possible it is preferable to control

the temperature or at least note the ambient temperature at the time of the measurements.
Polarisation Effects
For molecules excited with polarised light, the
time-dependent detected emission depends on the
excited-state lifetime, the rotational motion of the fluorophore and the emission collection geometry. This
can be useful for measuring rotational dynamics of
fluorophores. However this effect can also perturb
lifetime measurements. Use of a polariser in the
excitation (or a laser which is polarised) and an
analyser in the emission path oriented at the magic
angle (54.7 degrees) is the traditional way to exclude
polarisation artefacts in time-resolved spectroscopy.
This approach is rarely employed in FLIM probably
because of the reduction in attendant signal. Instead,
lasers are sent through polarisation scrambling
fibres to produce excitation light that is not linearly-polarised. Unpolarised light sources from lamps or
LEDS also reduces but does not guarantee complete
removal of the effects of polarisation on FLIM measurements.
Noise
Noise is not really an artefact but a reality of the measurement process. Clearly a trade-off exists between
reducing photo-bleaching and reducing effects of
movement, which requires use of low excitation and
fast acquisition, and collection of enough emission
photons to ensure nicely resolved FLIM images. The
signal to noise ratio can be increased by using averaging or increasing the exposure time. Increasing
the averaging or exposure time by a factor of N will
increase the signal to noise ratio by a factor of √N.
An alternative approach, for advanced users, is to
use de-noising routines as a post-acquisition step in
cleaning up FLIM images. A very detailed and excellent account of such an approach has been published by Professor Clegg’s laboratory.
Optical Elements in the Excitation or Emission Path
Optical elements such as ND filters can add to the
optical path length and consequently cause a phase
delay in excitation or emission. Consequently care
should be taken in ensuring that when extra optical
elements are introduced into a sample measurement
they are preserved in the measurement of the reference as well.

4. Technique Overview
Applications
A selection of applications is collected in Table 1. The
list of FLIM applications is growing rapidly. FLIM is
popular in biophysics and cell biology as a means
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to measure interactions between biological macromolecules in the cellular environment. Not only is it
useful for detecting the presence of these interactions but also is highly quantitative allowing detection of stoichiometry of these interactions as well.
FD-FLIM has the distinct advantage of rapid acquisition (up to video rate) making it favourable for detecting dynamics on cellular timescales. FLIM can
provide a robust readout of fluorescent biosensors
because it is independent of signal intensity and biosensor concentration. FLIM has also been proposed
as an alternative tool to biopsies in the clinical setting
because autofluorescent lifetimes have been shown
to be a function of metabolic state or pathological
state of cells and tissues.
Limitations
FD-FLIM requires specialised instrumentation but
commercial options are available.
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Appendix: Lifetime Acquisition and Analysis from Lambert Manual
Reproduced from Lambert Instruments manual with permission.
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1. Principle and Theory
Fluorescence Lifetime Imaging is a single molecule
technique which uses the detection of fluorescence
lifetime instead of fluorescence intensities to obtain
information on the environment of the fluorophore
or the interaction of molecules labelled with a donor-acceptor pair via FRET. There are two ways for
the acquisition of lifetime data, measurements in the
frequency domain (see chapter FD-FLIM by Andrew
H.A. Clayton) or in the time domain as introduced
here (TD-FLIM). Both techniques use different equipment and have individual advantages. The frequency method is mainly used on wide field fluorescence
microscopes. It can be directly performed with fast
imaging detectors like CCD cameras with additional time-gating equipment and it often requires
a shorter time for data acquisition. Measurements
in the time domain are single point measurements

combined with a scanning method using for instance
Confocal Laser Scanning Microscopes (CLSM). This
intuitive method provides a higher sensitivity since
single photon counting detectors are used, a better
time resolution can be obtained and it provides more
options for the analysis of multi-exponential fluorescence decays.
Principle of TCSPC
After absorption of light, a fluorophore molecule
remains for a certain time (usually several nanoseconds) in the excited state before returning to
the ground state, either by emitting a photon or by
non-radiative energy transfer. The transition from
the excited state to the ground state is a statistical
process and therefore the emission of fluorescence
photons follows an exponential decay law. The
average time between excitation and the emission
of fluorescence light for a large number of cycles

Figure 1 Principle of TCSPC. A Excitation of a large number of fluorophore molecules with a short flash of light results in an exponential
decay of emitted photons. B Instead of detecting the complete time dependent emission profile from one excitation – emission cycle,
periodic excitation by a pulsed laser is used and a large number of single photons are recorded, at maximum one per excitation pulse.
The difference between the start (trigger of laser) and the stop (signal from the detector) is measured by electronics that acts like a stop
watch. C The arrival times are grouped into bins (“channels”) with picosecond time resolution and a histogram of their distribution is
build up.
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is called the fluorescence lifetime of a fluorescent
molecule. The lifetime is an intrinsic property of a fluorophore based on the stability of the excited state.
However, since it depends on its local environment
it can be used to monitor changes in the immediate
surrounding or to detect conformational changes
within molecules as well as molecular interactions
with other molecules via FRET (see Figure 1).
Lifetime measurements in the time domain require
recording of lifetimes of a large number of molecules.
After excitation with a short flash of light, commonly
a laser pulse, the time dependent intensity profile of
emitted light is detected. Since it is physically impossible to detect the required number of photons from
one excitation – emission cycle, periodic excitation by
a pulsed laser is used and a large number of single
photons are recorded. This method is called TimeCorrelated Single Photon Counting (TCSPC). After
excitation by a short laser pulse the precise time of
the detection of single photon is registered, the reference for the timing is the corresponding excitation
pulse. The difference between the start (trigger pulse
of laser) and the stop (arrival of electronic pulse from
the detector) is measured by electronics that acts
like a stop watch. With periodic excitation and the
detection of a large number of individual photons,
arrival times are grouped into bins (often called time
channels) with picosecond time resolution and a histogram of their distribution is build up. By adjusting
laser power and repetition rate, the probability of
registering more than one photon per cycle is kept
low to avoid the pile-up effect. The typical result is
a TCSPC histogram with an exponential drop of
counts at increasing times. This histogram reflects
the fluorescence decay and is analyzed by fitting to

exponential decay function(s) to extract the fluorescence lifetime(s) and the amplitude(s).
Characterization of Lipid Organization and
Membrane Structures of Model Systems and
Biological Membranes by FLIM
As mentioned above, the fluorescence lifetime of a
fluorophore depends on its local environment, which
can be influenced by factors like temperature, pH
and interactions with other fluorescent and non-fluorescent molecules. The fluorescence lifetime is
thereby more sensitive to these influences than other
spectral parameters, like the steady state fluorescence emission intensity or wavelength, and since it
is a single molecule method it is less dependent on
measurement artefacts like varying (local) concentrations and bleaching. One application of TD-FLIM
measurements in our lab is the characterization of
the lateral organization of artificial and biological
membranes using fluorescently labelled phospholipids.
For many biological processes domains enriched in
cholesterol, phospholipids and/or (glyco)sphingolipids with long saturated acyl and alkyl chains - so
called “rafts” - have been discussed to play an important role for instance as reactions platforms or sites of
protein interaction. However, presumably due to their
small size and their short lifetime detailed knowledge about them, especially in live cells under physiological conditions, is elusive. It has been shown,
that distinct liquid-ordered (lo) and -disordered (ld)
domains can be induced in model membranes by the
variation of the lipid composition. Giant Unilamellar
Vesicles (GUVs) have been established as valuable
tool to visualize lipid domain formation using various

Figure 2 Fluorescence lifetimes of C6-NBD-PC in different membranes. A C6-NBD-PC in GUV prepared from DOPC (I, pure ld phase),
DOPC/SSM/Chol=1/1/8 (II; pure lo phase) and DOPC/SSM/Chol=1/1/1 (III; ld and lo phase) at 25 °C. (Scale bars 10 μm). B GUV
prepared from POPC/PSM/Chol=4/2/4 (no visible domains). C HepG2-cells. Top row: average lifetime (see scale), Bottom row: respective lifetime histograms. (maximum normalized to 1) From [23].
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lipid-like fluorophors, which enrich either in the ld or
in the lo domain (see Figure 2).
We have employed phospholipid analogues
labelled with the fluorophore NBD to characterize
lipid domains in GUVs and the plasma membrane
of mammalian cells by TD-FLIM[1],[2]. C6-NBDphosphatidylcholine incorporates into both phases,
the fluorescence decay of the NBD fluorophore is
characterized by a short and long lifetime. The latter
was found to be strongly dependent on the lipid environment: a large difference in the fluorescence
lifetime was found for lipid mixtures forming pure lo
or ld vesicles, we measured fluorescence lifetimes of
about 12 ns (lo) and 7 ns (ld), respectively. The same
localization-dependent lifetimes were obtained for
GUVs forming microscopically visible lipid domains
(Figure 2A). Moreover, even at a lipid composition
showing no visible lateral lipid segregation (POPC/
PSM/Chol=4/2/4) the lifetime diagram indicated the
coexistence of submicroscopic domains in GUV
(Figure 2B), which is in agreement with a previous
study based on FRET measurements on LUV[3],[4].
NBD-labelled phospholipid analogues can easily be
incorporated into the plasma membrane of mammalian cells, they have been previously established
as marker for phospholipid transport. HepG2- cells
were labeled with C6-NBD-PC and the distribution
of fluorescence lifetimes was studied. For plasma
membrane and intracellular membrane compartments different average lifetimes were observed,
reflecting the differences in membrane composition. No microscopically visible domains could be
resolved when analyzing the plasma membranes of
HepG2 cells labelled with C6-NBD-PC, however, a
broad distribution of the fluorescence lifetime around
10-11ns was observed (see Figure 2C) suggesting
the coexistence of various submicroscopic domains.
These results show, the TD-FLIM studies are a
valuable tool for the investigation of lipid organization and membrane structures, but also protein localization and protein-lipid-interaction in model systems
and biological membranes.
Measurement of FRET via FLIM
The principle and theory of Förster Resonance Energy
Transfer (FRET) is given elsewhere in great detail[13],
here only a short summary: In essence, FRET is the
transfer of energy from an excited donor molecule to
an acceptor fluorophore in close vicinity by non-radiative dipole-dipole coupling. This results in quenching of the donor indicated by its lower fluorescence
intensity and shorter fluorescence lifetime as well
as increasing of the acceptor fluorescence intensity.
The efficiency of the transfer depends mainly on (a)
the spectral overlap of donor emission and acceptor
excitation, (b) the distance of donor and acceptor
molecule (<10nm) and (c) the orientation of the fluo-

rophore dipoles. Commonly, FRET can be detected
by imaging of the acceptor fluorescence after donor
excitation (sensitized emission) or by comparing the
donor emission in the presence and the absence of
the acceptor. The latter is usually achieved by photobleaching of the acceptor (see chapter AP-FRET).
However, these methods are based on the intensity
and therefore can be influenced by fluorophore concentration (e.g. the expression level for genetically
encoded fluorescent proteins), background fluorescence, spectral cross-talk, and bleaching of the
donor as well as the acceptor.
Another method to determine the presence of FRET
is measurement of the donor excited state lifetime
(FLIM-FRET). For measurements in the time domain
(td-FLIM) the quenching of the donor fluorescence
lifetime detected by the TCSPC method is analyzed.
Because in the presence of FRET the donor
molecule has an additional non-radiative pathway to
return to the ground state, its fluorescence lifetime
is shortened, resulting in a faster drop of the fluorescence decay. Since the fluorescence lifetime
is independent of the fluorophore concentration,
FLIM-FRET enables quantitative measurements and
straightforward comparison of different samples (e.g.
cells) with varying fluorophore amount. It is notable,
that due to the very steep distance dependence of
the FRET efficiency, especially in cells with typical
protein concentrations in the micro molar range, the
average distance between molecules is too large for
false positive FRET, even at high molecular concentrations.
The fluorescence decay curve is analyzed by fitting
it to a mono or multi exponential function and the
parameters fluorescence lifetime and fractional
amplitude can be extracted. As a unique feature,
FLIM-FRET allows to resolve subpopulations if only
a fraction of donor-labeled molecules is bound in a
complex. The prerequisite is a mono-exponentially
decaying donor fluorophore. In case of FRET, the
decay curve exhibits a bi-exponential behavior consisting of a short lifetime corresponding to the FRET
quenched donor molecules and a longer lifetime of
unquenched donors. Based on the amplitudes of
these two lifetime components, the fraction of free
and associated molecules can be determined. This
procedure can be applied to every image pixel and
the differences in the lifetime distribution can be visualized by a color-coded FLIM image. This enables
to visualize e.g. the presence or absence of FRET as
well as the localization of the subpopulations along
the sample.
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2. Instrumentation
Fluorescence lifetime imaging in the time domain
based on Time-Correlated Single Photon Counting
(TCSPC) as introduced here is a single point excitation / single photon detection method. A laser beam
is focussed on one point of the sample, the image
is generated by piont-by-point scan. Therefore
commercial Confocal Laser Scanning Microscopes
(CSLM) are in most cases the basis for such a FLIM
system.
Light sources:
A short pulsed laser with a high repetition rate is
required for FLIM measurements. Most commonly
picosecond diode lasers controlled by a laser driver
unit are used, these systems have the advantage
of a variable repetitition rate up to 80 MHz and adjustable output power. Therefore they can be easily
used for fluorophores with a wide range of lifetimes.
Alternatively a multi-photon Titanium:Sapphire can
be applied for time-resolved two photon excitation.
Detectors:
While the standard detectors of a laser scanning
microscope are photomultipliers operated in an
analogue mode, specially designed detectors with
single photon counting sensitivity and high time
resolution are needed for TCSPC measurements.
Detectors suitable for this purpuse are photon
counting Photomultiplier Tubes (PMTs), Single
Photon Avalanche Diodes (SPADS) and recently
developed Hybrid-Photomultiplier Tubes. In some
multi-photon excitation systems the Non-Descanned

Detectors (NDDs) can be operated in a photon
counting mode and thererfore these systems can be
upgraded for FLIM imaging.
A FLIM system is completed by electronics for recording of TCSPC data (to measure the time between
triggering of the laser pulse and arrival of the signal
at the detector) and additional timing tags for the
correct reconstruction of the image from the data
stream. Specific software is needed for data display,
acquisiton and analysis (see Figure 3).
We are using a Confocal laser scanning microscope Olympus FV1000 with appropriate filter sets
and corresponding dichroic mirrors and an 60X oil
ojective with NA=1,35. For FLIM-Imaging the system
is equipped with an external FLIM/FCS upgrade kit
from PicoQuant with excitation by pulsed picosecond
diode laser(s), detection by single photon counting
SPADs, a TCSPC module PicoHarp 300 and a
separate computer for FLIM / FCS data acquisition
and processing along with the FLIM/FCS software
SymPhoTime.

3. Method
Characterization of the Lateral Distribution of the
Transmembrane Domain of the Fusion Protein of
Influenza Virus in CHO-K1 Cells
Hemagglutinin (HA), the fusion protein of Influenza
virus, has been suggested to be enriched in liquid-ordered lipid domains – so-called rafts[5-7]. In the following experiment based on a study of Scolari et al.
(2009)[8] we are using FLIM-FRET measurements

Figure 3 Sketch of the general layout of the PicoQuant FLIM & FCS Upgrade Kit.
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between GPI-CFP as raft marker and the YFPtagged transmembrane domain (TMD) of HA to characterize the mechanism of the lateral organization
of the viral fusion protein in the plasma membrane
of eukaryotic cells, in particular its recruitment to
raft domains. This recruitment has been associated with specific properties of the transmembrane
domain (TMD) and the cytoplasmatic tail of HA[9-11].
GPI stands for Glycosylphosphatidylinositol which
is a lipid anchored structure.Its localization to raft
domains has been de monstrated previously[12],[13].
Materials Required
Chinese hamster ovary cells (CHO-K1, American
Type Culture Collection), for which the presence of
cholesterol-sensitive lipid nanodomains and their
dimension in the plasma membrane have been described[12]. FBS, Antibiotics (penicillin and streptomycin), Trypsin, plasmids for GPI and TMD-HA tagged
with CFP and YFP, respectively, DMEM media and
transfection reagent (Lipofectamine 2000). 35mm
glass-bottom-dishes (MatTek, Ashland, MA), T75
flasks and pipettes and other cell culture supplies.
Sample Preparation
1. CHO-K1 cells (ATCC) are maintained in T75
flasks in DMEM with 10%FBS and 1% PenicillinStreptomycin at 37°C and 5% CO2 .
2. Cells were detached from the flask using 1,5 ml
trypsin-EDTA by incubating at 37oC for 5 min.
3. Cells were seeded in 35mm glass-bottom-dishes
and grown to ~80% confluence, transfection was
carried out using Lipofectamine 2000 following
the manufacturer’s protocol (Invitrogen).
4. 20-24 h post transfection cells are washed,
analyzed for expression of the fluorescent proteins
and FLIM-FRET measurements are carried out in
DMEM without phenol red.
In general, the following protein expressions would
be ideal to provide sample and additional controls:
a) Co-expression of x-donor and y-acceptor as experimental model where x and y are the proteins/
molecules of interest
b) Expression of x-donor alone (or even better
co-expression of x-donor and non-tagged y) as
negative control
c) Co-expression of x-donor and y-acceptor where
interaction is blocked or inactivated
d) Tandem-fusion of donor and acceptor to one
protein or sample with both proteins x-donor
and y-acceptor expressed and cross-linked as
positive control
In our case x-donor corresponds to the raft marker
GPI-CFP and y-acceptor to TMD-HA-YFP. We are
investigating the FRET caused by co-localization

of GPI-CFP and TMD-HA-YFP in raft domains, as
control with an abandoned interaction (c) we are
using cells depleted of cholesterol since this treatment has been shown to result in the disruption of
rafts[14]. As positive control (d) GPI-CFP and GPI-YFP
were co-expressed, both should be incorporated into
raft domains.

4. Data Acquisition
We are using an Olympus FV1000 confocal microscope equipped with a PicoQuant LSM upgrade
kit for FLIM / FCS and the Software SymphoTime
for acquisition and analysis of fluorescence lifetime
data. A step-by-step guide for the acquisition of the
data required for FLIM-FRET measurements is given
in the Appendix. The PicoQuant LSM upgrade kit is
available for CLSMs of all major manufacturers, with
the help of the guide it should be easy to perform the
measurements on suitable instrumentation of other
suppliers.
The following data sets have to be acquired for the
data analysis and the evaluation of the results:
1. Confocal Images of CFP and YFP expression in
the sequential mode to monitor the expression
of the individual proteins. Note: While the signal
in Channel 2 shows the expression of YFP, the
signal in Channel 1 reflects only CFP molecules
not affected by FRET.
2. Confocal “Intensity” FRET image of the
YFP fluorescence (excitation with 458nm)
Channel 1 shows the CFP fluorescence intensity without FRET, channel 2 the YFP intensity
due to FRET but also spill-over of CFP, acceptor
emission due to direct excitation at 458 nm and
eventually background-fluorescence. Therefore
additional measurements like FLIM-FRET or
acceptor photobleaching are necessary to obtain
conclusive results.
3. FLIM image of CFP fluorescence (excitation
with pulsed 440nm diode) recorded on the FLIM
computer.
4. Measurement of the Internal response function (IRF)
The overall timing precision of a complete
TCSPC system is characterized by its Instrument
Response Function (IRF). For an ideal system
with an infinitely sharp excitation pulse and infinitely accurate detectors and electronics, the
IRF should be infinitely narrow. Due to the properties of light source, detector and electronics,
the IRF is broadened. Thus, to precisely analyze
decay curves with short lifetimes the IRF has to
be determined for the method of “n-Exponential
Reconvolution” (see “Data analysis” below).
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The best way to measure the IRF is to use a solution
of a fluorophore with similar fluorescence properties
as the sample but with a very short lifetime, which
can be induced by a quencher at saturating concentration (for instance KJ).
If such a fluorophore is not available, one can alternatively record the scattering of the excitation light.
In that case a narrow-band filter for the wavelength
of the excitation light is placed in front of the detector.
Since the IRF of some detectors is dependent on
the wavelength, measurement at the excitation
wavelength might not be useful for numerical reconvolution. The solution is to acquire the IRF at the
emission wavelength, or at least spectrally closer to
the fluorescence emission.

5. Data Analysis
In SymphoTime select regions of interest (ROI) of
the images either by hand or using the magic wand
tool. In our case, the plasma membrane of an individual cell is selected. First, all measured photons
of the ROI are combined into a global histogram.
This global decay curve is used to obtain the fitting
parameters, which are afterwards used for the pixel
by pixel fit and the generation of the fluorescence
lifetime image (see Figure 4).
The SymPhoTime software allows to analyze the
data either by “n-Exponential Tailfit” or by “n-Exponential Reconvolution”. Tail fitting can only be used
when the fitted lifetimes are significantly longer than
the IRF. It is not sufficient for a detailed analysis of
the individual components of a multi-exponential
decay. Therefore, for reconvolution the correspond-

Figure 4 Analysis of fluorescence lifetime data using SympoTime 64. A Decay curve for a ROI (green), imported IRF (red), biexponential curve fit (black). Important parameters are highlighted with red boxes. B Lifetime histogram with distribution of lifetimes. C Colorcoded fluorescence lifetime image.

Eq_1
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ing IRF has to be imported. Alternatively, the IRF is
reconstructed in the software by directly evaluating
the onset of the fluorescence decay. Afterwards, the
decay curve is analyzed by fitting it using a nonlinear least squares iterative procedure to a mono or
multi-exponential function. First the control sample
(GPI-CFP only) is processed. Our constructs contain
ECFP as donor, which has been shown to express
an intrinsic biexponential fluorescence decay with
lifetimes of about 1.3 and 3.8 ns[15],[16]. Therefore,
the fitting procedure is started with two exponential
components, the quality of the fit is judged by the
distribution of the residuals and the goodness of fit
parameter (χ2). The χ2 value should be close to 1,
the fitted curve should overlay well with the decay
curve, the calculated fitting values must be reasonable and the residuals representing the deviation
of the fit from the measured decay curve should be
small and randomly distributed. An exemplary fit with
the highlighted parameters is shown in Figure 4A. If
the fit is not satisfying, especially if a tendency can
be seen in the distribution of the residuals, an additional exponential should be added, all parameters
have to be cleared and the fit has to be repeated.
An additional exponential is for instance needed if
different populations of the donor occur (FRET and
non-FRET, different local environment) or to correct
for deviations in the beginning of the curve due to a
not perfectly fitting IRF.
Parameters obtained from the SymphoTime software
are the lifetime ti and amplitude Ai of the individual
exponential component. The quantification of the individual exponential terms is complicated by the biexponential decay of CFP. Therefore, for every ROI
the amplitude-weighted average lifetime of CFP is
calculated using the following equation[17]:

n−1

∑ A [k ] τ [k ]
τ Av Amp= k=0

A Sum

SymPhoTime uses two ways of calculating the
average lifetime (tAV int and tAV amp) differing in the way
the single decay times are weighted, tAV amp is proportional to the steady state intensity and therefore
applicable for the calculation of the FRET efficiency
based on the donor lifetimes.
The FRET efficiency (E) is defined as the proportion
of the donor molecules that have transferred excitation state energy to the acceptor molecules. It is
calculated for each ROI using the equation

τ
E= 1− Avτ Amp
D

[

]

where tDA is the amplitude-weighted average lifetime
of the donor in the presence of the acceptor and tD
is the one of 10 control cells (donor GPI-CFP expressed alone). To generate lifetime images (for
instance in order to compare lifetimes in different
compartments), afterwards each pixel of the selection is analyzed based on the parameters obtained
with a maximum likelihood estimation and a color
coded FLIM image and a lifetime distribution histogram are generated (see Figure 4B and C). A sufficient number of cells have to be analyzed, the mean
and standard error have to be calculated to compare
the different samples and measured differences
have to be verified by statistical tests and appropriate controls.

%tau_"Av Amp" = {sum from {k = 0} to {n - 1} A [ k
%tau [ k ]} over A_"Sum"

Figure 5 Interaction between
GPI and TMD-HA constructs
measured by FLIM- FRET.
FRET efficiency between raft
markers (A), between raft marker
and different TMD-HA variants
(B), MβCD, after pretreatment
with MβCD to disrupt liquid
ordered domains in the plasma
membrane. Above the bars, n
refers to the number of independent experiments is given. Each
experiment is based on 10 cells.
Data represent the mean
± S.E. **, p < 0.0001, ** p < 0.005.
Experiments were carried out at
25 °C. (from Scolari et al., 2009)

E =left [ 1 - %tau_"Av Amp" over %tau_D right]
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6. Results and Data Verification

8.Conclusions and Applications

We have used this method to characterize the lateral
distribution of the TMD of HA in CHO-K1 cells and
purified plasma membranes[8]. Co-expression of the
raft-marker GPI-CFP with TMD-HA-YFP led to a significant shortening of donor lifetime in comparison
to cells expressing GPI-CFP only. This could be attributed to FRET indicating sorting of TMD-HA-YFP
into raft domains in the plasma membrane, FRET
efficiency was calculated to about 10% (Figure 5).
Cholesterol depletion using methyl-β-cyclodextrin
(MβCD) has been shown to result in the disruption
of ordered domains in biological membranes[14]. This
treatment of the plasma membrane resulted in a
decrease of FRET between GPI-CFP and TMD-HAYFP, while CFP lifetime in cells expressing only the
donor GPI-CFP was not affected. As positive control,
co-expression of GPI-CFP and GPI-YFP, which both
should be enriched in raft domains, resulted also in
a shortening of CFP lifetime and a FRET efficiency
of about 10%, which was significantly reduced by
MβCD treatment.

Measurement of FRET by FLIM is a highly sensitive
method that can be used to detect protein-protein interactions in vivo. Since only the donor fluorescence
lifetime is detected and analyzed, it is not dependent on variations in the protein expression level, a
problem often occurring in cellular systems – especially if more than one protein is expressed by transfection. Compared to intensity-based FRET measurements, FLIM-FRET leads to quantitative results
and, if the donor fluorescence can be described by a
mono-exponential decay, allows to identify sub-populations that undergo FRET. Another advantage
of measurements in the time domain (td-FLIM) is
that this is a single molecule method and therefore
performed on a very low illumination level, which
prevents photo damage and bleaching. Also, since
this is a point scanning method, illumination can be
restricted to the area of interest and time for data acquisition can be reduced by selecting a smaller area
or scanning resolution.
Finally, the whole decay curve is recorded and therefore more sophisticated analysis can be performed,
also it is possible to detect two (or more) fluorescence
channels at the same time and to use the information
from the second channel to gate or correlate the data
analyzed.
Over the last years, the td-FLIM has been established as valuable tool not only to measure protein-protein interaction but also protein localization
in membranes and protein-ligand binding. The table
below shows a selection of recent publications using
td-FLIM and FLIM-FRET measurements for in vivo
studies.

7. Limitations and Trouble Shooting
While genetic labeling with fluorescent proteins has
become a valuable tool for live-cell imaging and the
detection of protein-protein interaction by FRET, there
are also several limitations. Due to the large size of
the fluorescent proteins, which are 4.2nm long with a
2.4 nm barrel[18],[19], a large part of the usable FRET
is occupied resulting in a maximum FRET efficiency
of about 40%. If two proteins are labeled on opposite
sites or in case the dipole moments of donor and
acceptor are not properly aligned, FRET might not be
measurable even if the proteins of interest are bound
to each other. Also, tagging of proteins with these
large markers might change the folding, transport or
localization of the proteins which are investigated.
Some of the fluorescent proteins (also ECFP) have
the tendency to form homodimers by themselves,
which can reduce the fluorescence lifetime and therefore could lead to false-positive results[20]. Therefore
CFP variants shown to be monomeric should be
used[13],[16], also the ratio donor : acceptor should be
kept low in order to prevent dimerization of the donor
and to improve the signal-to-noise ratio. To obtain
the full content of information allowing to quantify the
FRET results, it is crucial to use a donor fluorophore
with a mono-exponential decay. FLIM-FRET measurements are based on a statistical analysis of a
sufficient number of photons, therefore image acquisition is in most cases longer than for Intensity-FRET
or FLIM-FRET in the frequency domain, for dynamic
processes this might require fixation of the sample.
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Applications

Method / FRET-Pair

Ref.

Receptor phosphorylation / dephosphorylation

td-FLIM (FLIM-FRET)

[21], [22]

Receptor localization (IgE-FcɛRI) in microdomains

td-FLIM

[23]

Characterization of membrane properties in model and biological membranes

td-FLIM

[24], [1], [25],
[2], [26], [27]

Phospholipid traffic in cells

td-FLIM

[28], [29]

Influence of ABC transporters on membrane composition

td-FLIM

[30]

NAD(P)H to visualize pathogen-host interactions

td-FLIM

[31]

In Vivo imaging of specific probes to cancer biomarkers

td-FLIM

[32]

Interaction site of cellular actin with the plasma membrane

GFP and RFP

[33]

Interaction of chemokine receptor CXCR4 and protein kinase C

GFP and RFP

[34]

Membrane localization of viral proteins

CFP and YFP
Cer and YFP

[8],
[11], [35]

Interaction of poxvirus proteins with kinesin

GFP and DsRed

[36]

Interaction of proteins in yeast

Cer and YFP

[37]

Complexes of t- and v-SNARE in fungi

Cer and Ven

[38]

Interaction of plasma membrane proteins in maize

CFP and YFP

[39]

Interaction of serotonin receptors in different cell lines

GFP and mChery

[40]

Cell division multi-protein complex in Streptomyces

GFP and mCherry

[41]

Interaction of Golgi tethering factors and small GTPases

GFP and mRFP

[42]

Interactions of proteins related to Alzheimer’s disease

GFP and mRFP

[43]

Receptor-Ligand interaction in endocytosis and trafficking

YFP and Cy3.5
GFP and mRFP

[44]
[45]

Characterization of membrane fusion

lipid markers

[46]
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Appendix
(A) Step-by-step guide for the mesurement of
CFP/YFP FLIM-FRET using an Olympus FV1000
CLSM with PicoQuant LSM FLIM and FCS
upgrade kit
The Olympus Fluoview software on one computer
(Imaging) is used to control the confocal microscope
while the PicoQuant SymPhoTime software on a
second computer (FLIM) is used for FLIM data acquisition and analysis. Both computers are connected
by a network cable and the small tool SymPhoTime_
RC can be used to remote-control the image acquisition of the SymPhoTime software from the Imaging
computer.
1. Starting of the microscope and the software
Switch on the microscope, the appropriate lasers,
the Imaging computer and the FLIM computer.

On the Imaging computer, start SymPhoTime_RC
and Fluoview software. On the FLIM computer,
start SymPhoTime and open a new workspace.
2. Selecting an objective, focussing the microscope
and configuring the laser scanning and detection
for confocal image acquisition.
Select 60x/1.35 Oil UPlanSApo objective and focus the sample using white light
then search for cells having fluorescence
tags using mercury lamp and focus them.
Load the predefined settings for eCFP/eYFP. This
will excite fusion proteins of CFP/YFP using the
458 nm and the 515 nm laser line as excitation
source for confocal imaging, the primary dichroic
mirror should be set to DM405-458/515/561/633
and the secondary dichroic mirror to SMD510.
Activate the TD-channel to get an additional DIC
image.

Figure A1 Settings of FV-1000 software for confocal imaging of CFP and YFP expression individually. Sequential scan with 458 nm and
515 nm laser lines.
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3. Acquisition of confocal images
To Monitor the expression of the individual
proteins, take an image in the sequential mode.
Under those conditions CFP and YFP are
excited and detected alternatingly. (Figure A1)
Deactivate
the
515nm
excitation
and
the
sequential
mode
and
take
an
“Intensity”
FRET
image.
(Figure
A2)
Channel 1 shows the CFP fluorescence intensity, channel 2 the YFP intensity due to FRET but
also spill-over of CFP, acceptor emission due to
direct excitation at 458 nm and eventually background-fluorescence. Therefore additional measurements like FLIM-FRET or acceptor photobleaching are necessary to obtain conclusive
results.

4. Configuring the microscope and laser settings for
FLIM imaging
For FLIM-FRET Imaging, only CFP is excited
using a pulsed 440nm diode laser, images are
recorded with the PicoQuant Detector Unit, in
our case equipped with SPAD detectors and connected to the output port of the FV1000 scanner
unit by fiber optics. Therefore all cw-lasers have
to be deactivated and the light path has to be
changed so the signal is routed to the output port.
(see Figure A3)
The pulsed laser diodes have to be switched on
and off either by hand or with additional hardware
via the FluoView software like in our setup.
Therefore all pulsed diode lasers are handled
as 635nm laser independent of the wavelength

Figure A2 Settings of FV-1000 software for confocal imaging of CFP-YFP intensity FRET. Only 458 nm laser line is activated, CFP and
YFP emission are detected in parallel.

Figure A3 Settings of FV-1000
software for FLIM imaging of
CFP fluorescence. Cw lasers
lines are deactivated (A),
pulsed diode laser on/off is
controlled FV1000 software
(B), TimeScan is set to free
run, 60 frames and Time
toggle is activated (C) and
emission signal is routed to
output port (D). SymphoTime
on the FLIM computer can be
controlled via SymphoTime_
RC from the IMAGING
computer.
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used. The intensity has to be set to 100% enabling
the on/off software control of the pulsed lasers,
whereas power adjustment of the pulsed lasers
has to be done manually at the Laser Combining
Unit (LCU) or via the pulsed diode laser driver unit
(PDL).
5. Acquisition of FLIM images
Adjust equal image size in FluoView and
SymphoTime software (e.g. 512 x 512 pixel).
Reduce scan speed (pixel dwell time) to enable
proper calculation of the average photon counts
per pixel. Start scanning in the XY Repeat mode
and activate “Test” with SymPhoTime_RC. Adjust
laser power to a maximum <105 counts/second.
When all adjustments are done, stop “Test”
mode. You can set the filename, resolution (can
be obtained from the “info” button of FluoView)
and additional comments for the FLIM file using

SymPhoTime_RC.
For the acquisition of the FLIM image, activate
the “Time” toggle button and set time settings
to “Free run” and 60 scans, this will result in a
FLIM acquisition time of about 90 seconds.
Start FLIM recording with SymPhoTime_RC
(“Record”) and then start x-y-t acquisition in the
FluoView software. After scanning has finished
stop FLIM acquisition with SymPhoTime_RC
(“Stop”).
6. Measurement of the internal response function
(IRF)
If there is no fluorophore solution with the spectral
properties of CFP and a very short lifetime available, scattering of the excitation light is used to
record the IRF. Put a drop of buffer on a cover slip
and place a narrow-band laser-line filter in front of
the detector. Set the scanning mode to point-scan

Figure A4 FLIM Image analysis with PicoQuant SymPhoTime 64 software. (b) Selection of ROIs, (c) setting of fittimg model and ROI, (d)
loading of the IRF, (e) selection of range of channels, (f) selecting the number of exponentils for the fit, (g) fitting of the decay curve and
analysis of the results and (h) finally lifetime fit for each individual point, generation of the lifetime image and the Lifetime histogram).
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and the number of scans to 32.000. Start scanning
in the XY Repeat mode and activate “Test” with
SymPhoTime_RC. Attenuated the signal down to
about 104 counts / second. Afterwards measure
the decay curve as described for the FLIM images
above for about 60 seconds.
7. Data Analysis
a) In SymphoTime, select the data set to be
analyzed. With the latest version, SymphoTime
64, choose “Analysis – Imaging – FLIM
analysis”. The following steps are similar for
the 32 and the 64 bit version of SymphoTime.
(see Figure A4)
b) Activate “Use ROI” and mark one or more
Regions of Interest (ROI) on the FLIM image
using the selection tools (available by rightclick on the image). We are interested in the
interaction of TMD-HA-YFP with the raft-marker GPI-CFP, so we are selecting the plasma
membrane of cells expressing both CFP and
YFP (based on the confocal image data set 1)
c) Set “Fitting Modell” to “n-Exponential
Reconvolution” and select in “Decay” to the
ROI you want to measure.
d) Import the IRF measured and activate it (in
the screenshot “8osc.ptu”) instead of the
“Calculated IRF”
e) Set the “Lower Boundary” and the “Upper
Boundery” for the range of the fitted interval
according to the measured decay curve.
f) Set “Model Parameters: n” to the number of
exponentials you want to fit your decay with. In
our case, CFP is known to have a biexponential decay so we are starting with “2”.
g) Do an “Initial Fit”, afterwards “Fit”. The fitted
curve (black) should overlay well with the
decay curve measured (green), quality of the
fit is judged by the goodness of fit parameter χ2
(should be close to 1) and the distribution of the
residuals. The residuals representing the deviation of the fit from the measured decay curve
should be small and randomly distributed.
If the fit is not satisfying, especially if a
tendency can be seen in the distribution of the
residuals, an additional exponential should be
added, all parameters have to be cleared and
the fit has to be repeated.
The number parameters should be kept as
low as possible and the parameters obtained
have to be reasonable (for instance no lifetime
below the resolution of the instrument, no
negative amplitudes).
h) When a satisfying fit has been obtained, the
lifetime fit for each individual point of the
selected ROI and the Lifetime histogram can
be calculated with “FLIM Fit”. Calculation time
can be reduced by Binning, but by doing so

resolution will be reduced. The color coding of
can be adopted to optimize the contrast of the
lifetime image.
(B) Video links for FLIM data acquisition
• Zeiss LSM 710 with a PicoQuant LSM Upgrade
Kit (FLIM Demo)
• Nikon A1R with a PicoQuant LSM Upgrade Kit
(FLIM and FCS Demo)
• Measuring a FLIM image with an LSM Upgrade
Kit (Nikon A1)
• Recording a FLIM stack with an LSM Upgrade Kit
on a Nikon A1
• Performing a FLIM-FRET Measurement with an
LSM Upgrade Kit (Olympus FV 1200)
• Measure an Instrumental Response Function
(IRF) with an LSM Upgrade Kit
(C) SPT64 links for FLIM data analysis
• SymPhoTime Lifetime Fitting
• Lifetime Fitting Using the FLIM Analysis
• FLIM ROI Fitting
• FLIM-FRET Calculation for Single
• Exponential Donors
• FLIM FRET Calculation for Multi Exponential
Donors
• Pattern Matching
• Visualizing Dynamics with the Multi Frame FLIM
Analysis
• Phasor Analysis
(D) Tipps/Tricks
• How to Measure the Instrument Response
Function (IRF)
• How to Avoid the Pile-up Effect in FLIM
Measurements
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1. Principle and Theory

propriate model yields information on equilibrium
dynamics in the sample.
Investigation of diffusion of molecules and supramoFCS is a technique which utilizes statistical analysis
lecular complexes belongs among the most common
of fluctuations in fluorescence intensity to extract
applications of FCS and is, therefore, dealt with in
information on equilibrium processes in the sample
most detail in the following text. The principle of FCS
(such as molecular diffusion or reversible chemical
is schematically illustrated in Figure 1. Diffusion or
reactions), which are the cause of the intensity flucflow causes fluctuations in the number of fluorescent
tuations. Low concentrations of florescent particles
particles present in the effective detection volume
(fluorophores, fluorescently labelled molecules or
resulting in fluctuations in detected fluorescence insupramolecular complexes) and small effective detensity. Let us consider a value τ1 of the lag time in
tection volumes (1 μm3 or smaller, typically defined
formula (1), which is small with respect to the average
by the point spread function of a confocal laser
residence time τD of a fluorescent particle within the
scanning microscope – CLSM) are used in FCS to
obtain pronounced fluorescence intensity fluctuaeffective detection volume. The number of particles
tions [1-3]. For that reason, FCS is sometimes considN present within the effective detection volume is not
ered a single-molecule technique.
likely to change significantly within a time interval of
In an FCS measurement, time-trace of fluorescence
the length τ1; I (t) and I (t + τ1) are, therefore, most
intensity I (t) originating from the small effective delikely very similar to each other and the autocorrelatection volume V0 is recorded and its autocorrelation
tion G (τ1) is close to its maximal value. The situation
function G (τ), defined by equation (1), is calculatis analogous for other sources of fluorescence intened (pointed brackets represent averaging over all
sity fluctuations. When the fluctuations are caused
values of time t). The shape of the autocorrelation
by reversible transitions of the fluorophore to a dark
function reflects the time-scales of the fluorescence
state, the number of fluorophores in their bright state
intensity fluctuations.
is not likely to change significantly within a lag time
short with respect to the reciprocal value of the transition rate constant.
⟨ I (t ) I (t +τ )⟩
(1)
G(τ )=
The autocorrelation function reaches its maximum
⟨ I (t )⟩2
at τ = 0 (disregarding the initial increase in autocorrelation caused by photon antibunching, which
G(τ) rises steeply to its maximum value on nanosecis below the temporal resolution of typical FCS exond time-scale; the effect (called photon antibunchperiments). If we consider only fluctuations caused
ing) is caused by a non-zero delay between two conby movement of fluorescent particles, the amplitude
secutive photons emitted by a single fluorophore and
G (0) is inversely proportional to the average number
is related to the fluorescence lifetime and number of
of fluorescent particles within the detection volume[8].
individual fluorescence emitters within the detection
FCS, apart from providing kinetic information (diffuvolume[4],[5]. The rise of G (τ) is below temporal ression coefficients, kinetic constants), provides also inolution of typical FCS experiments which capture
dependent estimate of concentration of fluorescent
only the subsequent decay of autocorrelation.
particles in the sample. Note that by the term fluoresFluorescence intensity fluctuations caused by fast
cent particle, we describe any fluorescent molecule,
photophysical and photochemical processes (such
aggregate or complex containing at least one fluas intersystem crossing to non-fluorescent triplet
orophore which is moving as a single entity and is
states or excited-state reactions) and by rotational
entering and exiting the effective detection volume
diffusion of molecules (in the case of polarized deat once. In the case of very large molecules (larger
tection) dominate the decay of G (τ) on microsecthan the dimensions of V0; for example large DNA
ond and sub-microsecond time-scale[6],[7]. Decay on
chains) labelled at multiple sites, individual segments
longer time-scales is related to translational diffuof the molecule can behave like independent floression or flow of molecules in and out of the detection
cent particles and enter and exit effective detection
volume. If several processes in the sample are hapvolume at different instants [9].
pening on similar time-scales, their contributions to
When we consider a value of lag time τ2, which is
G (τ) are difficult to distinguish.
long with respect to τD, the particle numbers N (t) and
{ langleTheoretical
I(t) I(t+τ)
} developed,
over { langle
modelsrangle
have been
which
NI(t)
(t + τ2) and, therefore, also the fluorescence intendescribe
the
relation
between
characteristics
of
sities
I (t) and I (t + τ2) are no more correlated and the
e }^2 the processes underlying fluorescence fluctuations autocorrelation
G (τ2) is close to zero – its asymptotic
(such as kinetic constants in the case of chemical
value G (∞). The average residence time τD of a fluoreactions or diffusion coefficients in the case of difrescent particle in the detection volume corresponds
fusion) and the shape of the autocorrelation function
(in common models) to the lag time at which G (τ)
calculated according to (1). Fitting G (τ) with an apdecays to the half of its maximal value.

Unbenannt
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Figure 1 llustration of the principle of FCS. Fluorescence intensity is collected from a small effective detection volume (usually the
point spread function of a confocal laser scanning microscope) (A). Recorded fluorescence intensity exhibits fluctuations (B) caused
by movement of fluorescent particles out and into the detection volume (by diffusion or flow) or by reversible chemical reactions of the
fluorophore. Autocorrelation function G (τ) reflects the time-scale of the fluctuations; average residence time τD of a fluorescent particle
in the effective detection volume can be found by analysis of the decay of G (τ).

τD and particle number N are found by analysis of
the experimentally obtained autocorrelation function.
If the volume V0 is known, τD and N can be used to
calculate diffusion coefficient D and concentration of
the fluorescent particles c. V0 is usually determined
by a calibration measurement; more details on calibration in FCS and its pitfalls can be found in the
section Method.

2. Instrumentation
As has been said in the Introduction, a CLSM is the
most common instrument for FCS. The essential
features of an FCS setup comprise a small effective
detection volume V0 and highly efficient detection of
fluorescence intensity.
The effective detection volume is defined by diffraction limited focusing of the excitation laser beam via
a a high numerical aperture (usually larger than 1)
objective and by spatial efficiency of collecting fluorescence emission from the sample (defined by
adjustment of the confocal pinhole). V0, thus, corresponds to the point spread function (PSF) of the
microscope [2],[10].
Photomultiplier tubes (PMTs) or single photon av-

alanche diodes (SPADs) are used as photo-detectors for FCS, the latter ones being preferred for their
higher detection efficiency[2].
An FCS setup can be, therefore, based on most
commercially available CLSMs without a need for
any extensive modifications. The only modification,
which is often necessary, is the addition of more sensitive photo-detectors. CLSMs designed for performing FCS and upgrades of other types of CLSMs are
commercially available.
A hardware correlator used to be a common part of
FCS setups. Software calculation of autocorrelation
functions is, however, preferred nowadays, because
it is more versatile[2],[11]. The measured time-trace of
fluorescence intensity I (t) is directly stored in the
computer and used to calculate G (τ) either during
the measurement or after the end of data acquisition. Software calculation of G (τ) from stored intensity time-trace allows I (t) to be processed by application of numerical filters (which is the principle of
some advanced FCS variants described in specialized chapters) or by removing sections of I (t) during
which large fluorescent aggregates resided in effective detection volume. Since autocorrelation G (τ)
depends on square of fluorescence intensity, contribution of each particle to the autocorrelation function
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is weighted by the square of its brightness. Large
aggregates, several times brighter than the average
fluorescent particle in the sample, have a significant
impact on G (τ). A rare event such as diffusion of a
single bright aggregate through the detection volume
can, therefore, considerably distort the whole autocorrelation function (see Figure 2).
A 2-photon microscope is also suitable for performing
FCS thanks to its small PSF (which is even smaller
than in the case of a CLSM)[12],[13]. The principle of
2-photon FCS is identical to 1-photon FCS and is,
therefore, not discussed separately.
Alternatively any other instrumental setup can be
used, which allows selective detection of fluorescence from a sufficiently small volume element within
the sample. Very promising are imaging FCS modalities in which fluorescence is collected in parallel
from many effective detection volumes; those are
defined in the lateral plane by pixels of an imaging
detector (typically an electron multiplying charge
coupled device – EMCCD) and by illumination by a
thin light sheet in the axial direction. The illumination
light sheet can be created by total internal reflection
(TIR)[14],[15] or by a cylindrical lens such as it is done
in selective plane illumination microscopy (SPIM)[16].
Imaging FCS approaches possess the advantage of
performing FCS measurements in parallel in many

points in the sample, in which way a statistically significant dataset can be obtained in a single measurement. This is particularly beneficial for FCS studies
of intrinsically heterogeneous samples such a living
cell or even multicellular structures.

3. Sample Preparation
Fluorescent labelling is a crucial step in preparation
of samples for FCS. It has been shown that signal to
noise ratio in FCS reaches the highest values when
the average number N of fluorescent particles in the
effective detection volume is approximately 1. The
lower the particle number N is, the longer the measurement time needed to observe statistically significant number of molecules diffusing through the
detection volume. On the other hand, high values of
N result in smaller relative fluctuations and lower amplitude of autocorrelation function G (0). Values of N
in the range between 0.1 and 102 are considered well
suited for FCS[3],[18]. The optimal particle numbers
around 1 correspond in the case of standard confocal
FCS to concentrations of fluorescent particles in nM
range. Higher concentrations are used in the cases
of special experimental setups with reduced effective
detection volumes[19],[20].

Figure 2 llustration of calculation of FCS autocorrelation curves. Passage of a large aggregate through the effective detection volume (manifested by a large peak in intensity time-trace – upper panel) distorts the shape of the autocorrelation function in the region of longer lag times
τ. Selecting only a part of the intensity time-trace (which is not influenced by the aggregate) results in an improvement of the shape of G (τ),
which can be, then, fitted with model (3).
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The choice of the fluorophore is also of considerable importance. High brightness (photon countrate per molecule) is needed in order to acquire
sufficiently high signal from each individual fluorescent particle diffusing through the detection volume.
High photo-stability of the dye is also important to
reduce artefacts caused by photobleaching. Photostability is important especially in samples where
the investigated kinetics are slow and fluorophores
are, therefore, undergoing excitation for prolonged
periods of time. Apart from synthetic organic fluorophores, fluorescent proteins such as GFP and its
mutants are frequently used in biological applications of FCS[21],[22],[23]. In this case it is crucial to find
the conditions under which the fluorescent protein is
expressed at concentrations suitable for FCS measurements. Quantum dots are also sometimes used
for their high photo-stability[22],[24].
Large aggregates of fluorescent particles can, due
to their very high brightness, considerably distort the
autocorrelation function and should be, therefore,
avoided when possible. If they are present in low
numbers with respect to the non-aggregated particles, the data can be cleaned from their influence,
provided software correlation is used (see Figure 2).

4. Data Acquisition
Prior to acquiring FCS data, the instrument should
be carefully aligned. FCS measurements are very
sensitive to the actual shape of the effective detection volume. Proper alignment is, therefore, more
critical than in the case of confocal imaging. The
alignment ensures optimal photon collection efficiency through optimizing the emission light pathway of
the microscope (such as mirrors and lenses directing
the fluorescence emission to the detectors) in order
that the maximum number of photons from the effective detection volume reaches the detector. Critical
is the alignment of the confocal pinhole which has
a large impact on the shape of the effective detection volume. Besides that, the correction collar of
the objective needs to be adjusted to compensate
correctly for the thickness and refractive index of the
cover-glass.
The easiest way to optimize the pinhole position is
to measure fluorescence intensity originating from
a solution of a reference fluorophore and adjust the
pinhole position to reach maximal intensity at the
detector. It is advisable to use higher fluorophore
concentration than for FCS (for example in the μM
range). The optimal setting of the objective correction collar can be found by searching for maximum
of florescence intensity in a solution of a reference
fluorophore, like in the case of pinhole position optimization. A more rigorous way of adjusting confocal

pinhole and correction collar is via measuring FCS
in a solution of a reference fluorophore and searching for the maximum of molecular brightness (total
photon count-rate divided by particle number N) of
the fluorophore[25]. It is usually sufficient to perform
such measurement at the end of the alignment procedure; if such a measurement is performed each time
under the same experimental conditions, it serves as
a good control whether the microscope is correctly
aligned. Besides serving as a proof of a correct alignment of the microscope, the FCS measurement in
a solution of a reference fluorophore is usually also
used for calibration of the effective detection volume
(discussed in more detail later).
After focusing (placing the effective detection
volume) to the place of interest within the sample,
fluorescence intensity I (t) is recorded. The detection
volume should be ideally placed close to the centre
of the CLSM field of view. Further from the centre,
the dimensions and shape of the effective detection
volume change due to optical aberrations. However,
the deviations are relatively small within the majority
of the field of view of a well-aligned CLSM (excluding
the regions closest to the edges of the field of view)
[26]
. The acquisition time should be at least 103 – 104
times longer than the characteristic time-scale of the
slowest investigated processes[27],[28]. When focusing
into small structures (e. g. biological membranes,
thickness of which is much smaller than dimensions
of V0), long measurements may suffer from artefacts
caused by movements of the structure of interest with
respect to the microscope focus (e. g. membrane undulations). Such movements may result in additional
apparent slow kinetics in the autocorrelation function.
The optimal excitation intensity in FCS is a compromise between the requirement of high number of fluorescence photons needed for statistical accuracy
of G (τ) (a tenfold reduction of excitation intensity
means approximately a hundred times longer measurement needed to reach a comparable statistical
accuracy[29],[30],[31]) and the need to minimize artefacts
caused by photobleaching and optical saturation
(nonlinearity in the dependence of fluorescence intensity on excitation intensity resulting from depletion
of the ground-state fluorophore population caused by
high excitation rate). The maximal excitation intensity at which no photobleaching and saturation artefacts appear depends on the photophysics of the fluorophore under given conditions and on the average
time it undergoes excitation (which depends on the
effective detection volume dimensions and on D)[32].
For typical organic fluorophores, excitation intensities
should be sufficiently lower than 30 kW cm-2, a value
which corresponds for usual microscope objectives
to excitation powers of approximately 100 μW (at
back aperture of the objective)[2],[30]. The excitation intensity at which optical saturation starts to play a sig-
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nificant role can be directly determined for each type
of samples (for a particular fluorophore in a particular
environment) by measuring the dependence of fluorescence intensity on the excitation intensity (a saturation curve). A linear dependence is observed at
low excitation intensities; increasing deviations from
linearity appear at higher intensities, until saturation
is reached. Further increase of excitation intensity
does not lead to any increase in the intensity of fluorescence. FCS measurements should be performed
with excitation intensities corresponding to the linear
region of the curve.
The influence of photobleaching and optical saturation (as well as other possible sources of artefacts
in FCS such as confocal pinhole misalignment or
mismatch in refractive indices between the sample
and the immersion liquid on the objective) on the
shape of G (τ) have been extensively studied by the
group of Enderlein[2],[30],[33].

5. Data Analysis

the autocorrelation function G (τ) are usually derived
by approximating the effective detection volume by
a 3-dimensional Gaussian profile (2) describing the
probability W (R,Z) of detecting a photon emitted by a
fluorophore located at a given position (R,Z). R is the
radial distance from the optical axis and Z is the axial
coordinate (Z = 0 corresponds to the focal plane);
ω0 and ωZ are parameters describing the extent of
U
nbena
nnt
1
the effective
detection
volume
in the focal plane and
along the optical axis respectively.

( ) ( )
2

W (R , Z )=exp −2

2

R
Z
exp −2 2
ω20
ωZ

(2)

Some authors have derived models for more realistic
shapes of effective detection volumes[10],[34]; however,
the resulting models are much more complicated and
not commonly used in practice. We will, therefore,
mention only models derived for the 3-dimensional
Gaussian approximation (2). The most basic situation is the free diffusion of a single type of particles in
all 3 dimensions. G (τ) is, in that case, described by
the model (3). A detailed derivation of the model can
be found in the original works on theory of FCS[8],[35].
Models applicable in other frequently encountered
situations are summarized in one of the following
sections.
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Data analysis in FCS can be divided into two steps:
the first step is the calculation of the autocorrelation
function G (τ) from the measured fluorescence intensity time-trace I (t); the second step is the analysis of
the autocorrelation function. If a hardware correlator
is used, only the second step is present, because
G (τ) represents the direct instrumental readout. If
software correlation is used, only a part of the inten1
1
1
sity time-trace I (t) can be chosen to avoid distortion
G(τ )=
(3)
2
N
1+(τ
/τ
)
1+(τ / τ D )(ω 0 / ω Z )
D
of G (τ) by large fluctuations of fluorescence intensity caused for example by the passage of a large
fluorescent aggregate through the detection volume
(see Figure 2).
(3) can be rewritten in terms of diffusion coefficient D
W(
R,Z
)=exp
( -2 {R^2}
over particles
{ %Ux03C9
The first step is not problematic
since
it follows
a left
and concentration
of fluorescent
c (4) using _0^2}
straightforward algorithm. Many
implementation
the dimensions
of the effective
right
) exp left their
( -2relationship
{Z^2}toover
{ %Ux03C9
_Z^2}
of the algorithm are readily available for the users.
detection volume (5) and (6) respectively[36].
right )
For example FCS software packages QuickFit
(Deutsches Krebsforschungs Zentrum, Heidelberg,
−1
−1/2
4 Dτ
4 Dτ
Germany) or FFS Data Processor (Scientific Software
1
(4)
G(τ )=
1+ 2
1+ 2
Technologies Center, Minsk, Belarus) can correlate
c NAV0
ω0
ωZ
data recorded by various instruments. Dedicated
FCS instruments are usually supplied with software
allowing correlating time-traces recorded by the respective instrument.
ω2
(5)
Let us focus in more detail on the second step, which
τ D= 0
4D
involves more input from the user, because an appropriate model for interpretation of G (τ) has to be
chosen. Analysis of autocorrelation functions can be
performed in most FCS software packages such as
3
the above mentioned QuickFit or FFS Data Processor.
2
(6)
N
=c
N
V
=c
N
π
ω0 ω z
A 0
A
Alternatively, any data processing software allowing
non-linear curve fitting can be used to fit G (τ) with a
G(τ)= {1} over {N} {1} over {1+(τ/τ_D)} sqrt {1 ove
theoretical model.
The theoretical models, which describe
the shape of %iomega_0/ %iomega_Z)^2 }}
{1+(τ/τ_D)(

Unbenannt
1

√

(

)(

)

5 Fluorescence Recovery After Photobleaching (FRAP) | 5-8

The simple model (3) contains 3 fitting parameters:
τD, N and the ratio ωZ /ω0 called structure parameter
k and describing the shape of the effective detection
volume. While τD and N represent the readout parameters of the fit, structure parameter is determined
by a calibration measurement and then used as a
constant parameter when fitting the results of the
subsequent series of measurements. Determination
of the physically relevant parameters D and c requires
the knowledge of V0, which is also determined by the
calibration measurement. Note, that at τ = 0, G (τ)
reaches its maximal value G (0), which is inversely
proportional to the number N (or concentration c) of
fluorescent particles.
Calibration of the Detection Volume
Calibration of the detection volume is necessary for
quantitative interpretation of FCS data. Calibration
should be performed after any change to the experimental setup, which may affect the size and shape
of the detection volume (change of excitation wavelength, of confocal pinhole, etc.); a calibration measurement is usually performed at least every day, if
the identical setup is used for a longer time. There
exist three approaches to the calibration in FCS[36],[37]:
1. Measurement of an FCS autocorrelation function
in a solution of a reference fluorophore of exactly
known concentration (or, optimally, a series of measurements with a series of concentrations); V0 is
calculated from the amplitude of the autocorrelation
G (0) according to (6). This calibration procedure is
optimal for FCS experiments focusing on determination of concentrations via measuring G (0), because
V0 is, in this case, determined without making any
assumptions concerning the shape of the effective
detection volume. Deviations of the shape from the
usually assumed Gaussian profile do not, therefore,
affect the results. On the other hand, this calibration
procedure is not sufficient for determination of diffusion coefficients, because it provides no information
on k (or ω0). That information can be supplemented by the second calibration procedure described
below. Not all standard fluorescent dyes are suitable
for concentration-based calibration; for example
rhodamine 6G or some Alexa Fluor® dyes adsorb
strongly to glass surface, which causes a large uncertainty in their concentration[36]. Uncorrelated background or scattered light can lead to overestimation
of N (see the section Artefacts in FCS below), which
would introduces an error in V0 calibration if the fluorescence intensity is not high enough to yield the
relative contribution of the parasitic signal components negligible[38].
2. Measurement of an FCS autocorrelation function
in a solution of a reference fluorophore of exactly

known diffusion coefficient; ω0 is determined from
τD using (5) while τD is found by fitting G (τ) with (3)
or another appropriate model. Structure parameter
k is also found from the fit of G (τ) as another adjustable parameter. Increased number of free parameters naturally increases the risk of numerical instability of the fit and a good quality of autocorrelation
function is important in the calibration measurement.
Fortunately, τD and k are not strongly correlated
and the uncertainty in k affects only moderately the
accuracy of τD determination from the fit. The value of
structure parameter for typical experimental setups
ranges from 3 to 8 (depending on the magnification
and numerical aperture of the objective)[37],[39] and
varying k within this range has usually only minor influence on the fitted values of τD.
Reference values of diffusion coefficients of standard
fluorophores are for example summarized in one of
the PicoQuant Application Notes[40]. Diffusion coefficient depends on temperature by Stokes-Einstein
relation[40] and accurate knowledge of temperature by
Stokes-Einstein relation[40] and accurate knowledge
of temperature within the sample is indispensable
for correct diffusion-based calibration. The reference
value of diffusion coefficient must be corrected for
the actual temperature in the sample for calibration
purposes.
Diffusion-based calibration is optimal for FCS
studies focusing on measuring diffusion coefficients,
because it calibrates ω0, which is the crucial parameter for determination of D. However, the value of V0
calculated from ω0 and k (6) is strongly influenced by
any uncertainty in the value of k and may lead to considerable errors in the concentration determination.
3. CLSM scanning of a small fluorescent bead attached
to a glass surface provides an FCS-independent determination of the dimensions and shape of the effective detection volume[37]. When a fluorescent bead
of a size much smaller than the detection volume is
scanned by CLSM, the resultant image shows the
effective detection volume of the microscope. The
accuracy of the calibration depends on the accuracy
of the CLSM scanner. The image can also reveal
any distortion or asymmetry of the effective detection
volume, which may stem from any misalignment of
the microscope and would affect the shape of G (τ).
The shape of the detection volume in the scan can
be, however, slightly different from the effective detection during the actual FCS experiment, because
the scanned bead is located directly at glass surface
(at the boundary between two media of different refractive indices), while the detection volume in the
actual experiment is usually located in some distance
(usually between 20 to 100 μm) form the glass surface
(unless structures located at the glass surface, like
membranes adhering to glass, are investigated).
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M

Correct calibration is crucial for absolute determi∑ (Qi )2 F i gi (τ )
1
1
nation of diffusion coefficients and concentrations.
G(τ )= i=1
; gi (τ )=
2
2
M
1+(τ
/
τ
)
1+(τ
/
τ
Di
Di )(ω 0 /ω z )
However, absolute values of D and c are not esN ∑ Qi F i
sential in many FCS studies and only their relative
i=1
changes are of importance. Those are fully de(8)
scribed by relative changes in N and τD, which are
determined by fitting G (τ) with the model (3) (or any
To account for transitions to triplet state, model (7)
other appropriate model expressed in terms of N
with Ti and τTi can be used as gi (τ) in (8).
and τD – see the next section). The model contains
only one parameter describing the effective detecDiffusion in biological systems is often far from the
Unb
enann
t
1
tion volume – the structure parameter k. Since error
ideal Brownian free
diffusion
characterized
by the
in k has usually only marginal effect on τD, a simplisimple diffusion law (9), according to which the mean
fied calibration procedure is sufficient if only relative
square displacement of a diffusing particle within
changes are investigated. The calibration usually
a time interval t is proportional to t (duration of the
consists of an FCS measurement (long enough
interval).
to obtain good quality of autocorrelation data) in a
solution of a reference fluorophore. G (τ) is fitted with
(9)
⟨r 2 (t )⟩=⟨(r (t )−r (0))2 ⟩=4 Dt
model (3) or (7) (see the next section for the model
and its use) and k is determined as a free parameter.
If the values of k U
and
τDe
obtained
by
nb
nannt
1the fit are in rea- Interaction of the diffusing particle with other molsonable agreement with values usually obtained with
ecules and supramolecular structures slows down
Unb
enannt
1
the given setup and the given reference fluorophore,
the diffusion
and mayto{M}
result in (a Q_i
nonlinear
G(τ)= {sum
from{i=1}
)^2diffusion
F_i g_i (τ)}
k can be used as a fixed parameter in fitting data
law, according to which the mean square displaceover {N left
( sum from{i=1} to{M} Q_i F_i right )^2
from subsequent measurements and the instrument
ment is proportional to ta. Such type of molecular
};
g_i
(τ)=
{
1}is over
{1+(τ/τ_Di)}
{1} over
can be considered properly aligned. FCS calibration
motion
called anomalous
diffusion sqrt{
(or anomalous
{1+(τ/τ_Di)(%omega_0/%omega_z)}^2
}
and its problems are further discussed in the
section
subdiffusion) and a (0 < a < 1) is called anomalous
Artefacts in FCS.
exponent. Anomalous exponent is present in model
(10) of G (τ) derived for anomalous diffusion[42],[43].
Models for Fitting of Autocorrelation Curves
Model (3) was derived for the basic situation of a
−τ
1
1
1
τ
3-dimensional free diffusion of one population of parG(τ )= 1−τ +τ e
N (1−τ ) 1+(τ / τ D )α 1+(τ / τ D )α (ω0 /ω z )2
ticles (all having identical D). Here we summarize
other frequently used models of G (τ).
(10)
Photophysical processes such as transition to a dark
state (such as a triplet state) are frequently apparent
in G (τ) on microsecond time-scale. To account for
If the fluorescent particles are not only moving by difthat phenomenon, an average fraction T of molecules
fusion, but also by an oriented flow of velocity v, G (τ)
in the triplet state and a characteristic time-scale τT of
is described by the model (11)[21].
the transition are included in the model (7)[7].

(

[

[

G(τ )= 1−τ +τ e

−τ
ττ

)

τ

]

√

√

(( ) 1+(τ1/ τ ))

1
1
1
√
] N (1−τ
) 1+(τ
/ τ ) 1+(τr^2(t)
langle
/ τ )(ω /ω )rangle= langle (r( t)-r(0))^2 rangle = 4Dt
D

√

G(τ )=

2

D

0

1
1
N 1+(τ /τ D )

1
τV
exp − ω
2
0
1+(τ / τ D )(ω0 /ω z )

2

D

z

(7)

(11)

So far we have discussed only the situation when
the fluorescent particles are free to move in all three
dimensions. However, in many biologically relevant
samples such as biological membranes, movement of
molecules is effectively restricted only to two dimensions (movement along the plane of the membrane;
G(τ)= left thickness
[ 1-τ+τ
e^{ -τmembranes
over τ_τ}
rightorders
] {1} over
of biological
is several
of magnitude
smaller than the dimensions}ofsqrt{
the
{N(1-τ)} {1}
over {1+(τ/τ_D)^%alpha
{1}
effective
detection
volume
and
can
be,
therefore,
over {1+(τ/τ_D)^%alpha (%omega_0/%omega_z)}^2
neglected). The effective detection area is, then,
}
defined by the intersection of the detection volume
of the microscope (defined by the confocal optics)

Model (8) describes a more general case of a sample
containing M populations of florescent particles;
each population characterized by its diffusion time
τDi, brightness Qi and fraction of the particle number
Fi [41].

G(τ)= {1} over {N} {1} over {1+(τ/τ_D)} sqrt{ {1}
over {1+(τ/τ_D) (%omega_0/%omega_z)}^2 } exp lef
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and the planar structure along which molecules of
interest are moving. It is, therefore, only a 2-dimensional area with Gaussian distribution of photon
detection efficiency W (R), described by the first exponential function in (2). The theoretical models of
autocorrelation functions simplify considerably in the
2-dimensional case. (12) is the 2-dimensional counterpart of (3); 2-dimensional variants of other models
(7, 8, 10, 11) are derived in an analogous manner[44].

Unbenannt
1

G(τ )=

1
1
N 1+(τ / τ D )

(12)

Calibration procedure in the 2-dimensional case is
apparently simpler, since there is no structure parameter k in (12). That is, however, a false impression,
because calibration of effective detection volume is
an important source of artefacts in FCS of planar
samples (see Artefacts in FCS for further details).
A slightly different definition of autocorrelation
function GA (τ) is also frequently used.

G A (τ )=

⟨ I (t ) I (t +τ )⟩
2
⟨(t )⟩

(13)

(for example that the sample contains a population
of free fluorophore and a population of fluorophore
bound to a protein or that the fluorophore is known
to undergo transition to a triplet state). Statistical approaches are being developed for unbiased selection of the optimal model based on the quality of fits
with individual models from a set[45]. However, those
methods have not been so far implemented in any
software package for FCS analysis.
When using models with large numbers of parameters, the reliability of the analysis is considerably
improved by reducing the number of free parameters
or introducing constraints on the range, within which
the values of parameters are searched. For example
the characteristic time τT of transition to triplet state
in model (7) is known to be around 10-3 ms for most
fluorophores[7],[21]; a value of τT larger than 0.1 ms is
most likely an artefact of the fitting procedure.
Reduction of number of free parameters can be
achieved by determining values of as many parameters as possible by additional FCS experiments and
then using them as fixed parameters in the fitting
procedure. Let us, for example, consider a sample
containing free fluorophore and fluorophore bound
to a protein. Model (8) with M = 2 is appropriate in
such a case. An additional measurement in a sample
containing only free fluorophore yields the diffusion
time τDf (and optionally also characteristics of transition to triplet state) of the free fluorophore. The fit
of the autocorrelation curve measured in the mixture
of free and bound fluorophore, then, determines the
remaining parameters: diffusion time τDp of the fluorescently labelled protein and the amplitude Ap of its
contribution to the autocorrelation function; according to (8) Ap is given by (14).

Unbenannt
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The only difference between GA (τ) and G (τ) defined
by (1) is in the constant offset GA (∞) = 1; GA (τ) converges to 1, while G (τ) to 0. The necessary modification of the theoretical models of the autocorrelation function (3, 7, 8, 10-12) is, therefore, trivial:
GA (τ) = G (τ) + 1. Some authors also use a factor
γ in the amplitude of the autocorrelation function.
Introduction of factor γ into the theoretical models
Q 2p N p
(14)
G(τ)= {1}
over
{N}
{1}
over
{1+(τ/τ_D)}
A p=
only changes the definition of the effective detection
2
(Q p N p +Q f N f )
volume. There is, therefore, no need to be confused
by slightly different formulas of autocorrelation functions in some works.
(14) simplifies considerably if Qp = Qf, which means
Choice of an Appropriate Model of Autocorrelathat not more than a single fluorophore is bound to
tion function
each protein and that binding changes neither its abThe choice of the model for fitting of G (τ) is a
sorption cross-section nor its fluorescence quantum
crucial step in the analysis of FCS data. The general
yield. Under such conditions, particle numbers Np
and Nf of the labelled protein and free fluorophore
guideline is to use as simple a model as possible.
respectively can be determined easily from the amIncreasing the number of free parameters always
plitudes (Ap and Af) of their respective contributions
improves the agreement of the model with the exto the autocorrelation function (8). If the brightness
perimental autocorrelation curve; on the other hand,
of the free
it decreases
numerical
stability
of the fit and
increasA(τ)= {langle
I(t)
I(t+τ)
rangle}
over
{ langle
(t) fluorophore is not equal to that of fluorescently labelled protein, more data are needed to
es the risk of obtaining parameter values which lack
gle^2 }any physical meaning. The use of models with higher determine particle numbers of free fluorophore and
labelled protein[39].
numbers of free parameters should be, therefore,
Constraints on the ranges within which values of free
supported either by a significant disagreement of
parameters are probed are of particular importance
the simpler models with the experimental curve or
when the experimental autocorrelation function is
by an a priori knowledge of properties of the sample
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not perfectly described by the model used for fitting.
Such systematic deviations of the experimental autocorrelation function from the theoretical model are
caused by instrumental artefacts (see the section
Artefacts in FCS) as well as by complexity of the
sample itself, which is not sufficiently described by
the model. A typical problem is polydispersity of the
populations of fluorescent particles, which are characterised by continuous distributions of diffusion
times instead of a single τD value assumed in models
(3, 7, 8, 10-12). Many supramolecular structures
such as micelles or vesicles always display some
degree of polydispersity and macromolecules such
as DNA can adopt various conformations resulting in
a distribution of diffusion coefficients. Simple models
with (usually not more than 2) discrete values of
τD are commonly used even in such situations. If a
continuous particle size distribution is present in the
sample, only apparent mean values of τD are extracted from the fits; if brightness of the particles depends
on their size (such as in the case distribution of oligomers of various sizes), the obtained values of τD tend
to be biased towards the larger particles in the distribution, because the contribution to G (τ) is weighted
by the square of particle brightness (8). Maximum

entropy method (MEM) fitting of G (τ) is more appropriate when systems of polydisperse particles
are studied, because MEM can perform fitting with
an arbitrary continuous distribution of the parameters[46],[47]. MEM fitting is for example implemented in
the FCS software QuickFit.
In general it can be concluded that the more is a priori
known about the sample, the higher is the probability
that the parameters obtained by fitting of G (τ) are
physically relevant (see Figure 3).

6. Artefacts in FCS
Like any other experimental technique, FCS can
suffer from a variety of artefacts, which may introduce significant errors to FCS results and lead to
their misinterpretation. The artefacts in FCS can be
divided into three main categories:
1. artefacts caused by limited validity of approximations used in derivation of the theoretical models
(3, 7, 8, 10-12),
2. artefacts caused by detector background and
parasitic signal components and
3. artefacts related to calibration of the effective

Figure 3 Illustration of FCS fitting. The investigated sample was a suspension containing liposomes loaded with carboxyfluorescein and
free carboxyfluorescein. The simple model with a single value of τD (3) yields an unsatisfactory fit as can be also seen from the residues in
the lower panel. A model with 2 values of diffusion time and a transition to triplet state yields a much closer fit with parameters τD1 = 6 ms,
A1 = 0.29, τD2 = 0.076 ms, A2 = 0.35, τT = 0.017 ms. A similar fit is obtained when 2 parameters are fixed using values found in an FCS measurement in a solution of pure carboxyfluorescein: τD2 = 0.048 ms, τT = 0.001 ms. The remaining free parameters obtained from the fit are:
τD1 = 5.7 ms, A1 = 0.30, A2 = 0.42.
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detection volume (leading to incorrect interpretation of values of τD and N obtained by fitting).
Let us look at more detail on the individual types of
artefacts and the ways to prevent or at least reduce
their impact on the FCS data:
1. Since the theoretical models of autocorrelation
function were derived assuming Gaussian profile
(2) of the photon detection efficiency and monodisperse point-like fluorescent particles, the artefacts
of the first type are mainly manifested in those situations where the reality deviates significantly from
the above mentioned assumptions. Deviations of the
actual shape of the effective detection volume from
(2) can be caused for example by optical aberrations
of the microscope, optical saturation or misalignment
of the confocal pinhole[2],[10],[33]. Although not all of the
sources can be completely avoided, it is important
to take precautions to minimize the risk of artefacts
where possible. A careful alignment of the confocal
pinhole as well as of the correction collar of the objective are essential for FCS. The excitation intensity should be low enough to minimize distortions
of the effective detection volume caused by optical
saturation and photobleaching (as has been see the
section Data acquisition).
When dimensions r of the fluorescent particles are
no more negligible with respect to effective detection volume dimensions, fits of G (τ) yield inaccurate
values of τD and N[48]. It has been shown that for r/
ω0 > 0.2, both τD and N are overestimated[49],[50].
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counts from the other detector, they are not manifested in the cross-correlation function. Nevertheless the
false afterpulse counts are still present in the overall
signal as a non-correlated parasitic component and
add to the artefacts caused by non-correlated parasitic components discussed in the following paragraph[51].
The remaining sources of background and parasitic signal, such as detector background (thermal
noise), scattered excitation photons or background
fluorescence from the sample (e. g. weak fluorescence of the solvent) are typically not correlated and
affect the correlation function only by lowering its
amplitude G (0), thus, leading to overestimation of
the number of the fluorescent particles of interest.
The effect is especially prominent in samples containing very low fluorophore concentrations. While it
does not compromise the determination of D, it is a
serious problem for concentration measurements by
FCS. A corrected value of particle number N can be
calculated from the autocorrelation amplitude G (0)
using formula (15), where B denotes the average
background intensity[37].

N=

1
2
G(0)(1+⟨ B⟩ I ⟨ I ⟩)

(15)

The correction formula (15), however, holds only
when the fraction T of the fluorophores undergoing
transition to a non-fluorescent state is small[37]. A
more general method of eliminating both correlated
and non-correlated parasitic signal components is
offered by fluorescence lifetime correlation spectroscopy (FLCS)[38],[52].

2. The influence of background and various parasitic signal components on FCS data depends on
whether the parasitic counts are correlated on timescales probed by the FCS experiment. A correlated
3. Calibration-related artefacts are caused by differparasitic signal component influences the correlation
ences in effective detection volume V0 in the sample
decay G (τ), while an uncorrelated one only affects
and in the reference solution. The differences are
the amplitude G (0). The most commonly encounminimized by using identical experimental settings
tered example of correlated parasitic signal compo(identical temperature, identical excitation intensinents are detector afterpulses[38],[51]. Those are false
ty, …) during the measurement and the calibration;
counts resulting from transient effects induced in the
however they cannot be always completely avoided.
detector by a real photon detection event. Therefore,
Differences in refractive indices are a common cause
photon detection events and the subsequent afterfor different effective detection volumes. That is espulses are correlated in time. For the commonly
pecially prominent in the case of intracellular FCS
used detectors in FCS setups, afterpulses add to
measurements, since cytoplasm differs significantly
the correlation decay on μs and sub-μs timescales
in refractive index from a diluted aqueous solution
and can be, therefore, misinterpreted as a result fluof a reference fluorophore[33]. Additionally, there exist
some {G(0)(1+
discrepancies inlangle
published values
of diffusion
orophore transitions to a dark state orN
of =
other
fast over
{1}
B rangle
I langle
coefficient of some standard reference florescent
photophysical processes. A commonly used method
rangle)^2}
dyes[36],[53].
to prevent afterpulses from distorting the
correlation
An additional positioning problem exists in the case
functions is to split the fluorescence signal onto two
of planar samples[17],[54]. Since the excitation beam
detectors and then obtain G (τ) by cross-correlating
is divergent above and below its waist, placing the
signals from the two detectors instead of auto-corplanar sample above or below the focal plane results
relating signal from each individual detector. Since
in larger effective detection area and, therefore,
afterpulses from one detector are uncorrelated to

I
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higher values of τD and N. Although uncertainties in
the absolute determination of V0 do not represent a
problem if only relative changes of diffusion coefficient or concentration are sought for, the positioning
problem in the case of planar samples results in increased uncertainty in results of individual measurements, compromising their comparability. Therefore,
several calibration-free FCS variants have been developed, which do not rely on external calibration, but
contain an intrinsic measure of distance. The intrinsic
calibration is typically achieved by scanning with the
focus through the sample at well defined speed or
with well defined steps (scanning FCS[55],[56], Z-scan
FCS[17], …) or by correlating intensity time-traces
measured at points at well-defined distances from
each other (multi-focus FCS[57],[58], imaging FCS[59],[60],
raster image correlation spectroscopy[61], …).

7. Technique Overview
Applications and Limitations of FCS
As has been already said in the Introduction, FCS
can characterize time-scales of processes causing
fluorescence intensity fluctuations as well as the
concentration of independent fluorescence particles
involved in those fluctuations. Movement of molecules in and out of the effective detection volume is
in most cases the dominant source of fluorescence
intensity fluctuations and provides information on
mobility of the fluorescent particles (either diffusion
coefficient or velocity of an oriented flow).
Diffusion coefficient measured by FCS can be interpreted in terms of the size of the diffusing fluorescent
particles (and its changes) or in terms of viscosity
and organization of the medium. The latter approach
is typical for intracellular FCS measurements[43] and
especially for FCS in biological membranes.
Following processes involving changes in diffusion
coefficient of fluorescent particles are commonly addressed by FCS:
1. conformational changes of macromolecules; for
example DNA compaction for gene therapy[9];
2. binding of small fluorescently labelled ligands
to large molecules or supramolecular structures
(such as chromatin or biological membranes).
Fractions of free and bound ligand can be
resolved according to (13)[62],[63],[64];
3. aggregation phenomena and determination of
critical micelle concentrations[65],[66];
4. lateral organization of biological membranes and
their artificial models[28],[67],[68].
The second parameter provided by FCS, the concentration of fluorescent particles, is useful complementary information, which is of particular importance for investigation of aggregation phenomena.

Since diffusion coefficient is approximately inversely
proportional to cubic root of molecular mass (from
Stokes-Einstein formula), relatively large changes in
molecular mass are needed to be resolved by FCS.
Oligomerization of fluorescent particles is, therefore,
more reliably detected via changes in their concentration than via changes in their diffusion coefficient.
The weak dependence of D on molecular mass
also imposes a limitation on FCS binding studies.
Association of a fluorescently labelled molecule with
a binding partner of smaller or comparable molecular
mass cannot be reliably resolved by FCS.
Following problems are commonly addressed by determining molecular concentrations by FCS:
1. oligomerization studies. By dividing the average
photon count-rate by N determined by FCS the
average brightness per particle is obtained.
Comparing the obtained brightness per particle
with the brightness of the monomeric fluorophore (measured ideally under identical conditions to avoid uncertainty resulting from environmental sensitivity of the fluorophore brightness)
the average number of fluorophores per particle
is obtained[69],[70],[71];
2. determination of the absolute concentration of a
molecules of interest within particular locations
in the sample[72],[73].
Selected References
Theory of FCS

[8], [34], [35], [74], [76]

Artefacts and their prevention in FCS

[2], [10], [24], [30], [33],
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[3], [18], [21], [27], [28],
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with other techniques

[82-86]

A commented bibliography on FCS can be found in
the review of Thompson et al.[78].

8. Conclusion
FCS analyses fluctuations of fluorescence intensity collected form a small effective detection volume
(defined typically by the point spread function of a
confocal microscope) and extracts information on
the time-scale of processes underlying the fluctuations. Usual applications contain measurements of
concentrations and diffusion coefficients of molecules or supramolecular structures moving through
the detection volume or investigation of processes
manifested by changes in diffusion coefficient. FCS
implementation in a confocal microscope is straightforward and so is combination of FCS with confocal
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imaging. It is well suited for measurements in living
cells and has, therefore, promising biological applications. The basic principle behind FCS is very versatile and a range of related experimental techniques
is based on it (fluorescence cross-correlation spectroscopy, image correlation spectroscopy, …). Those
FCS variants have overcome some limitations of the
basic FCS approach and found a variety of biological
applications.
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Appendix
FCS with SymPhoTime 64
Here we show how to perform basic FCS measurements and data analysis using the SymPhoTime 64
software (PicoQuant, Berlin, Germany). The software
controls PicoQuant data acquisition cards, which
record time-tagged time-resolved fluorescence data,
and performs various types of analysis of those
data, including calculation and fitting of FCS correlation functions. SymPhoTime 64 controls PicoQuant
confocal microscopes (such as MicroTime 200); in
the case of microscopes from other manufacturers
upgraded with a PicoQuant data acquisition card, a
dedicated microscope software is needed to control
the settings of the microscope, acquire images and
select a point for the FCS measurement. The subsequent recording of fluorescence intensity time-traces
and their FCS analysis is performed by SymPhoTime
64. The software also controls PicoQuant pulsed
laser drivers (Figure 1, 4), if it is included in the
setup. Pulsed lasers are, however, needed only for
time-resolved measurements are not necessary in
an FCS setup.
Test Mode
After setting a point for measurement, acquisition of
fluorescence intensity time traces by SymPhoTime
64 can begin. The main window of the program has
3 main panes: Test, Measurement and Analysis
(Figure 1, 1). Data acquired in the Test mode are not
saved; they are only displayed in real time on the
screen to aid alignment of the instrument and optimizing settings for the measurement. Three modes
are available for the real time display: TCSPC, Time
Trace and FCS (Figure 1, 2). The TCSPC pane
displays the photon arrival histogram; since TCSPC
data are not required in standard FCS, we will not
discuss this display mode further. Time Trace is the
most basic mode displaying the real time value of
detected fluorescence intensity (Figure 1). If signal
from multiple detectors is fed to the data acquisition card, a time trace for each individual detector
is shown. Besides the graphic display, numerical
values of average and maximum count-rate for each
detection channel are shown (Figure 1, 3).
The real time intensity time trace is useful for focusing
to the structure of interest (e. g. if the fluorescently labelled molecules of interest are located in the
plasma membrane of a cell, by changing the axial
position of the focus two maxima of fluorescence
intensity can be found corresponding to the lower
and to the upper membrane). Besides that, the time
trace can be used to optimize the pinhole position
by measuring intensity originating from a fluorophore
solution (it is advisable to use in this case a higher
concentration of fluorophore than for FCS).

The FCS pane in the Test mode (Figure 2) shows
correlation functions calculated in real time from the
detected time traces (similarly to the output from a
hardware correlator). Autocorrelations of signals
from individual detectors and cross-correlation
between them are shown. However, in the situation
shown in Figure 2 only a single detector receives
fluorescence signal; the other detector contributes
only its thermal noise. Maximum and average countrate and the amplitude of the displayed correlation function are shown next to the graphic display
(Figure 2, 1). The particle number corresponding to
the amplitude is also shown as well as the particle
brightness obtained by dividing the average countrate by the particle number. Brightness of a reference fluorophore is a good indicator of the quality of
alignment of the setup. The optimal correction ring
settings can be found by searching for the maximum
brightness. To aid the alignment procedure, any of
the values can be displayed in a larger window (by
clicking on the displayed value) (Figure 2, 2).
Measurement Mode
After optimizing the data acquisition in the Test mode,
we can switch to the Measurement pane (Figure 3
and 4), in which the recorded data are stored for subsequent analysis. Before starting the measurement,
the file name for the dataset should be defined; additionally, any information on the instrument settings or
on the sample details can be noted down to be saved
together with the data (Figure 3, 1). The data acquisition is then started by the Start button and terminated by the Stop button (Figure 3, 2); alternatively the
acquisition time can be defined and the acquisition
then stops automatically after the defined time has
elapsed (Figure 3, 3). The main window is divided
into three panels; the upper one displays the correlation function calculated in real time, the lower left
panel shows the TCSPC histogram and the bottom
right panel the intensity time trace.
Analysis Mode
After the data acquisition has finished, we proceed
to the analysis of the stored data. In the Workspace
explorer on the left hand side of the main program
window we select the file to be analysed (Figure 5).
The real time calculated correlation functions (recognised by a filename of the following structure:
Name_OFCS.pqres) are stored alongside the raw
data. We are, however, not going to use this correlation function. We will, instead, calculate the correlation function again from the stored raw data. This will
allow us to correct for some common FCS artefacts
as mentioned in the main text. After selecting the data
file, we switch to the Analysis pane in which various
modes of analysis are offered. We select the FCS
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menu, which offers several FCS modalities, from
which we choose the basic FCS analysis (Figure 5).
The window for FCS correlation calculation is shown
in Figure 6. The Intensity time trace is shown in the
upper panel. By sliding the red start and stop markers
(Figure 6, 1) an arbitrary part of the time trace can be
selected for analysis. This is useful when a part of
the time trace is affected by movement of large aggregates, by bleaching etc. The range of lag-times for
which the correlation is calculated can be selected
(Figure 6, 2). If Lagtime Min. is set to 0, the shortest
lag-time will be determined by the software based
on the temporal resolution of the data. If pulsed excitation is used, FLCS can be used to correct for
background and detector afterpulsing (Figure 6, 3).
Explanation of the method is beyond the scope of
this appendix; we will use it here, therefore, only
as a “black box” feature. If continuous wave excitation is used, distortion of the correlation function
caused by afterpulsing can be prevented by splitting
the fluorescence emission onto two detectors and
cross-correlating signals from them (see Figure 4;
the cross-correlation function does not contain the
steep initial decay of correlation caused by detector
afterpulses). After pressing the Calculate button
(Figure 6, 4), correlation function is calculated and
displayed in the main panel. The correlation function
can be saved (Figure 6, 5) for further analysis.
Since the sample for which we have just obtained the
autocorrelation function was the solution of a calibration dye, we will use it to calibrate the effective detection volume. We select the saved autocorrelation
function in the Workspace explorer and in the FCS
analysis menu (Figure 5) we choose FCS calibration. That brings us to a curve fitting window (Figure
7). The default fitting model offered is that with a
single diffusion time and a single dark state, which is
suitable for most calibration dyes. If we know that our
calibration dye has no dark state, we can switch to a
simpler model by pressing the Exclude Triplet button.
If we are calibrating the effective detection volume
using the known value of D of our calibration dye,
we fill in the reference value of D (Figure 7, 1). We
can start the fitting by performing Initial Fit (Figure
7, 2), which searches over broader ranges of parameter values and is, thus, more likely to converge
even if the initial parameter values are far from the
optimal ones. Subsequently we can perform the Fit
till self-consistency is reached (parameter values
do not change, only fluctuate around their minima,
during further fitting iterations). If the quality of the
fit is good and the parameter values are reasonable,
we can save the obtained characteristics of the effective detection volume (its volume and structure
parameter κ) (Figure 7, 3). Those will be then used
as default values in the FCS fitting window (Figure
8). Ideally we should perform multiple calibration

measurements to check the reproducibility of the parameters.
When we afterwards measure any other dataset and
calculate the correlation function (Figure 6), we can
choose to proceed to fitting of the correlation function
(Figure 6, 6). By default, the simplest model for pure
3-dimensional diffusion (single D, no dark state)
is offered in the fitting window (Figure 8, 1). If that
model does not fill well the curve (as is the case in
Figure 8), we can select a more complex model, for
example the model with a dark (triplet) state (Figure
9, 1). A significantly better fit is obtained as can be
seen from the residuals as well as from the χ2 value
(Figure 9, 2).
Another example of autocorrelation function fit is
shown in Figure 10. It is obvious that the fit is not
perfect (especially in the region around 10 ms).
Nevertheless, knowing the non-ideal nature of the
sample (liposomes prepared by sonication, which
are intrinsically polydisperse and prone to aggregation; aggregates being most likely responsible for
the deviations between the fit and the experimental
curve around 10 ms lag-time), we may consider the
fit to be an acceptable one giving a good estimate
of the typical diffusion coefficient and concentration
of the liposomes. A more complex model may yield
a slightly better fit; however, the parameters thus
obtained may be artificial and lacking direct physical
interpretation.
The curve in Figure 11 cannot be satisfactorily fitted
with the model with a single D and single dark state
and definitely requires a more complex model for
its description. The knowledge of the nature of the
sample is helpful for selecting which model to use.
Knowing that the sample contained a mixture of free
dye and of fluorescently labelled liposomes, a model
with two values of D (Figure 12, 1) and a single dark
state is expected to describe the experimental data.
That is indeed the case as shown in Figure 12. The
individual values of D retrieved from the fit agree
within the margin of error with the values obtained
from measurements in samples containing only one
of the components (free dye in Figure 7 and liposomes in Figure 10). This is, however, not always
the case. Keeping at least one of the diffusion times
fixed to a value obtained separately in a sample
containing only one of the components significantly
improves reliability of fitting with two diffusion times.
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Abstract
Fluorescence recovery after photobleaching (FRAP)
is a microscopy technique capable of quantifying the
mobility of molecules within cells. By exploiting the
phenomenon of photobleaching, fluorescent molecules within a region of interest can be selectively
and irreversibly ‘turned off’. The analysis of the fluorescence recovery within the same region, due the
redistribution of the molecules, provides information
on their diffusion- and binding-dependent mobility.
Both qualitative and quantitative analysis can then
be applied to decipher the dynamic behavior of the
molecules of interest.

1. Principle of FRAP
Fluorescence recovery after photobleaching (FRAP)
is a popular fluorescence microscopy technique used
to quantify the mobility of molecules within cells. The
mobility is determined by the molecules’ properties of transport, diffusion and binding to immobile
sites. Since the initial development by Axelrod et al.[1]
and Peters et al.[2] in the 1970’s, the technique has
been widely used in biological research to study cell

membrane diffusion, protein interactions and protein
dynamics[3-12].
Photobleaching is a natural phenomenon that manifests itself as decreasing intensity of fluorescence
over time during fluorescence imaging. Exposing
a fluorophore to a high level of light intensity in the
presence of molecular oxygen causes permanent
and irreversible chemical changes to that molecule,
rendering it non-fluorescent[11],[13],[14]. Under a constant
absorption of light, the fluorescence intensity will
decrease over time following an exponential decay
law:

I (t )=I 0 e−Kt
where I0 represents the initial fluorescence intensity
and K the bleaching rate constant of the fluorophore
including the flux of illumination photons.
Generally, photobleaching is considered a problem
for time-lapse and 3D imaging, leading to unwanted
loss of the signal and resultant degradation of the
signal-to-noise ratio during acquisition. In FRAP experiments, however, the photobleaching phenomenon is exploited to selectively ‘turn off’ a subset of the
fluorescent molecules in the sample usually at a spot
or in a specific area of interest using a short pulse of

I( t)= I_0 func e^{-Kt}

Figure 1 Principle of FRAP experiments. A A cell or organelle is uniformly labeled with a fluorescent tag and a pre-bleach series of images
collected. B A ROI is selectively photobleached using a short pulse of intense laser light. C A post-bleach recovery time series of images is
collected and the intensity within the ROI monitored as the bleached dye diffuses out and new dye diffuses in. D Intensity changes within the
ROI are measured, corrected, normalized and plotted on a graph for further quantification.
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high intensity laser light that can be positioned to, or
scanned over, the region of interest (ROI). Monitoring
the recovery of intensity in the bleached ROI yields
information on protein mobility (Figure 1).
The choice of fluorophore is an important consideration for all fluorescence imaging based experiments,
and FRAP is no exception. Ideally it should be stable
enough to undergo minimal photobleaching during
the imaging phases - the pre- and post-bleach acquisitions – but bleach quickly and permanently during
selective ROI photobleaching. Genetically encoded
fluorescent proteins, like GFP, are generally used to
label a molecule of interest with very high specificity[3],[14],[15]. They provide enormous power and scope
to study biomolecules in living cells through transient
expression or through producing stable transgenic
cell lines. Importantly, it must be taken into consideration that these modifications may change the properties of the tagged molecule and it is noteworthy
that high intensity illumination creates free radicals
which are highly reactive and thus cytotoxic[16]. The
induced photodamage may affect cell viability and
result in artifactual results. It is therefore important
to minimize the extent of bleaching, even during the
bleaching step.
In practice, a FRAP experiment is a 3 step acquisition process, followed by data analysis, as follows
(also refer to Figure 1)[11],[17],[18]:
1. Pre-Bleach: A time-lapse acquisition containing
the cell or sample of interest and ideally some
empty background area. It is important to tune
the acquisition settings to reduce the amount of
photobleaching resulting from the imaging itself
(Figure 1A)
2. Bleach: A ROI is selectively photobleached
using a short pulse of intense laser light, the intensity modulation is typically controlled through
an acousto-optical tunable filter (AOTF). The
ROI may be a single focused spot, or the laser
beam may be scanned (in a raster or a whirlwind
pattern) over the area through the action of galvanometric-mirrors. To avoid damaging the cell,
just a fraction of the overall pool of fluorescent
molecules should be turned off (Figure 1B)
3. Recovery: A time-lapse acquisition with similar
parameters as the pre-bleach phase, but longer

in duration, is performed. When appropriate, this
can be done in up to 3 phases with a series of
fast acquisitions to cover the fast dynamics of
recovery, followed by phases of less frequent
imaging as the recovery continues. Again, it is important to reduce the amount of photobleaching
caused by the imaging itself to a minimum (Figure
1C).
4. Data analysis: Following correction and normalization steps, the intensity fluctuations during the
recovery phase within the ROI are analyzed quantitatively (Figure 1D). This allows the extraction
of the recovery rate as a measure for molecular
mobility as well as mobile and immobile fractions.
Advanced fitting using biophysical models can be
used under certain, precisely defined boundary
conditions, to quantify the diffusion coefficient or
chemical exchange rate.
FRAP can be used qualitatively to identify whether a
particular molecule is turning over, thereby undergoing exchange with its environment, by basic analysis
of the recovery curve. It allows the determination of:
1.	 the half-time of recovery (t1/2), and
2.	 the mobile (M) and immobile (1-M) fractions
(Figure 4).
More advanced quantitative models allow the precise
determination of the kinetics and molecular properties driving such dynamics. Fitting the experimental
curve with advanced theoretical models allows the
determination of additional parameters[19-27]:
1.	 the ratio between mobile (M) and immobile
(1-M) fractions (Figure 4),
2.	 the effective diffusion coefficient (D),
3.	 the binding time of proteins to sufficiently
immobile macromolecular complexes (kon, koff),
and
4.	 the interconnection of intracellular organelles.
A closely related technique to FRAP is Fluorescence
Loss in Photobleaching (FLIP[11]; Figure 2). Again the
experiment consists of a pre-bleach acquisition, but
then a ROI in the cell is repeatedly bleached whilst
a second ROI is analysed for the consequent loss of
fluorescence. This technique gives information about

Figure 2 Principle of FLIP experiments. A cell or organelle is uniformly labeled with a fluorescent tag and a pre-bleach series collected.
A ROI is selectively photobleached using a short pulse of intense laser light repeatedly whilst a second ROI is analysed for the loss of
fluorescence.

6 Fluorescence Recovery After Photobleaching (FRAP) | 6-5

Figure 3 Principle of iFRAP experiments. A cell or organelle is uniformly labeled with a fluorescent tag and a pre-bleach series collected. A
ROI is selected and the area outside of it photobleached using a scanned pulse of intense laser light. The ROI is then analysed for the loss of
fluorescence over a post-bleach acquisition. Due to the high likelihood of inducing phoodamage on live cells, this technique has largely been
replaced by photoactivation-type experiments.

molecules mobility and interconnection between
cellular compartments. It will not be covered further
within the scope of this chapter. This technique has
to be used with caution to avoid photodamage due to
repeated bleaching steps.
iFRAP (inverse-FRAP; Figure 3[28]) consists of
bleaching everything but the ROI, essentially the
reciprocal experiment of FRAP. The sample’s fluorescence, save for a small area, is photobleached
and the analysis concentrates on the loss of fluorescence from the ROI, rather than the recovery.
This technique is typically more damaging to the
sample due to the large areas that are exposed
to high laser power. As a result it has been largely
replaced by photoactivation (PA) experiments since
the discovery of photoactivable GFP and development similar proteins[13],[29-31]. With PA experiments
the fluorescence can be selectively “turned on” in an
ROI through a pulse of shorter wavelength light (typically 405 nm). These techniques will not be covered
further within the scope of this chapter.

2. Qualitative Determination of
Protein Dynamics
It is common, and quite straightforward, to characterize molecule dynamics from FRAP experiment
by the half-time of recovery (t1/2) and the mobile (M)
and immobile (1-M) fractions. Even if it has no direct
relation with biophysical parameters, they provide
a general semi-quanitative estimate on molecule
dynamics and can be used to compare various biological conditions. t1/2 gives information on the
average dynamics of moving molecules, whereas
M quantifies the fraction of molecules which are
moving and 1-M describes the fraction of immobile
molecules within the bleached area during the experiment. Immobile molecules strongly interact with a
structural component of the cell or be ‘trapped’ within
a multi-component protein complex, preventing them
from moving away from the bleached ROI.
From the recovery curves, t1/2 can easily be extracted (see Figure 4), provided the post-bleach recovery
imaging segment was sufficiently long and appropriate intensity corrections have been performed.
This value needs to be used with caution, since the

Figure 4 Recovery curve of a FRAP experiment and determination of half-time of recovery (t1/2), mobile (M) and immobile (1-M) fractions.
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cell geometry and bleached area properties (size,
position with respect to the cell) can strongly influence t1/2 in addition to the molecules’ behavior[11].
The photobleaching depth B is given by the fraction
between the remaining signal and the original signal
in the bleached ROI. It is given by
B=

D=

Where k is the Boltzmann constant, T the temperature, η the viscosity and R the hydrodynamic radius
of the molecule.
In most FRAP experiments, D is defined as

I 1−I 0
I1

This fraction is important for quantitative analysis
and has to be less than 80% in practice.
The mobile fraction is given by

D=

Unbenannt
1
M=

kT
6 πη R

I ∞−I 0
I 1−I 0

and gives information on proteins that are mobile
or interact transiently with immobile binding sites
during the observation time of the experiment. Again,
caution needs to be taken since M may depend on
acquisition parameters and bleaching dimensions.

3. Models for Quantification of
Diffusion and Chemical Exchange
Molecular mobility is mainly due to diffusion, flow
B= {I_1
-I_0}
over {I_1} to an
or chemical
reaction
(association/dissociation
immobile molecular complex). The general equation
of the fluorescence recovery is given by

∂ c(r , t)
∂ c(r , t)
=D ∇ 2 c(r ,t )−V
+(k off −k on )c(r , t )
∂t
∂r
The first term describes the diffusion, the second the
M=
{I_ infinity -I_0} over {I_1-I_0}
flow and the last term the association/dissociation
processes. Unfortunately, this equation has no analytical solution, and it is easier to investigate each
contribution individually. It therefore may be necessary to perform multiple experiments, bleaching for
example areas with different sizes.
Diffusion
The diffusion coefficient of a molecule is given by the
Stokes-Einstein relation:

w²
4 τD

where w is the waist of the bleached area, τD a characteristic time constant extracted from mathematical
model fitting, and n the number of spatial dimensions. In general τD, has no direct relation with t1/2
defined in Figure 4.

Unbenannt
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Point Bleaching with Gaussian Profile (Axelrod
Model)
It is possible to extract the diffusion coefficient by
single-point
with a Gaussian
D =bleaching
{kT} over
{6 πη profile,
R} using
the Axelrod model[1] (Figure 5). Recovery curves are
reconstructed by averaging the pixel intensity values
within a circular region of interest of w in diameter,
w being the waist of the laser at 1/e² (13.5%) of the
peak intensity of the Gaussian. Using imaging information, the recovery sequence can be corrected by
normalizing mean pixel intensities in another ROI
located far from the bleaching area. This step makes
it possible to take into account intensity fluctuations
= {w²} over
{4%tau_D}
due toDobservational
photobleaching
or laser instabilities. Once corrected, the recovery curves are fitted
with a 10th order limited development of the following
equation.
−K

F (t)=(1−M )

1−e
K

∞

+M ∑
n=1

[ ][

(

(−K )n
2t
1+n 1+ τ
n!

)]

−1

where M is the mobile fraction (accounting for the
ability of the molecule to diffuse during the duration of
the experiment), K is a bleaching constant parameter
and is the characteristic diffusion time. The diffusion
coefficient D can be correctly estimated as follows:

Figure
5 Schematic D
and model
of point bleaching
profile
(r,t)} over
{∂t}=
nabla^2
c( with
r,t)-V
{∂c(r,t)}
over over {K}+M sum from{n=1} to
F(a Gaussian
t )=(
1-Mand) recovery.
{1-e^-K}
infinity } left [ ( -K)^n over {n!}right ] left [ 1+n left (
} + ( k_off - k_on) c (r,t)

1+ {2t} over { %tau }right ) right ]^-1

t=0)=
w²}}
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w²
4τ

K can be obtained by fitting the following laser intensity distribution on the bleaching profile:
r²
−
2w ²

Chemical Interaction
FRAP recovery curves of chemical reactions are the
simplest case, since they can be solved by the following single exponential recovery function:
I (t )= A (1−e−t / τ ) with

τ=

I (r , t=0)=I 0 e−KB (r) with B(r)=B (0)e

Point Bleaching with Rectangular Profile
(Soumpasis Model)
Bleaching with a rectangular profile (Figure 6) allows
avoiding the complexity to measure the bleaching
Unto
be
na
n
nt
2
constant K required
solve
the
Axelrod
equation[1],[32].
In this case, the recovery curve can be fitted with the
following equation:
I (t )=e

−2 τ
t

(J

0

2τ
2τ
+J1
t
t

)

1
k on +k off

and A=

k off
k on + K off

where kon and koff are the association and dissociation rates of the bleached molecules to their ligand.
In practice, this case is very rare in living cells, and
diffusion always plays a role[20]. Nevertheless, it is important to notice that in the case of pure binding, the
recovery rate is independent of the bleaching radius,
while it is a function of w in the case of Brownian
diffusion.

4. Methods – FRAP Experiments

Instrumentation
The hardware required for FRAP experiments comLine Bleaching
prises a fluorescence microscope equipped with light
The Soupmasis model requires shaping of the
sources (arc lamps, LEDs or lasers) and filter sets for
beamD=
with {
a square
profile,
which
is
not
commonly
imaging as well as a light source for bleaching (typiw²} over {4%tau}
over
{k_on
available on standard FRAP equipments. A simpler
cally lasers) with some A={
methodk_off}
of selectively
bleachsolution
consists
of
performing
a
line
bleaching
with
ing
a
region
of
interest
(ROI).
Of
course,
a
sample
I_0 e^ {-KB(r)} [33],[34]
with B( r)=B(0)e^-{{r²}
over 1} over {k_on+k_off}
%tau={
a Gaussian beam profile
(Figure 7).
with a fluorescent molecule attached to the
I(t)= A(labeled
1-e^{-t/%tau})
In this case, the recovery curve can be fitted by the
protein of interest is required and is one of the chalfollowing equation, a 1D approximation of the diffulenges the biologist is facing. The fluorophore used
sion process:
should be selected both for its spectral properties in
order to match the laser lines and filters available,
w²
as well as for having favourable photophysical propI (t )=I ∞ 1−
w ²+4 π Dt
erties, i.e., negligible bleaching probability at low illumination intensities and high bleaching probability
This model displays an accuracy of about 30%.
at high intensities. As most biological experiments
involve living cells, there is a prerequisite for the
Where J is the Bessel function and τ = w² / 4D.

( √

)

{-2%tau} over {t}} left ( J_0 {2%tau} over {t}

over {t}right )

Figure 6. Schematic and model of point bleaching with a rectangular profile and recovery.

)= I_infinity left (1- sqrt{ {w²} over {w²+4 %pi Dt} }
ght )
Figure 7. Schematic of line bleaching and recovery.

+ K_
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Figure 8 Photographs of an implementation of the Roper iLas2 FRAP-3D system at the Institute of Medical Biology, A*STAR,
Singapore. The microscope stand is an inverted Nikon Eclipse Ti equipped with a Yokogawa CSU-22 spinning disk confocal head and
a liquid-cooled Photometrics Evolve EM-CCD camera. It is operated through the MetaMorph and iLas2 acquisition software. The lasers
(405/491/561 nm) inside the laser launch are used for both imaging and FRAP, with an AOTF to rapidly control the intensity of laser
reaching the sample, and a galvo mirror to rapidly switch between the spinning disk (mounted on the left of the microscope) and FRAP
light paths (mounted at the rear of the microscope).

Figure 9 Establishing and refining the imaging conditions in the MetaMorph software through selection of the correct camera mode,
objective lens, filter combination, laser power, camera gain and exposure conditions appropriate for the sample. Photobleaching and
photodamage, as a consequence of tuning these imaging conditions, should be reduced to a minimum – lower laser power and shorter
exposures, whilst maintaining sufficient dynamic range in the images for quantification and imaging frequency for sampling of the
recovery.

microscope to be equipped with an incubator and a
supply of humidity and CO2, as dictated by the cell
type.
The most common way to achieve selective photobleaching is to use galvanometer-driven mirrors to
steer the laser beam, which is momentarily switched
to a higher intensity, to a diffraction limited spot or to
a scanned region (in raster or whirlwind pattern) over
a pre-selected ROI. For this reason, many FRAP experiments have been carried out on confocal laser
scanning microscopes (CLSMs) as they are equipped
with high-power lasers and galvo mirrors [35-37]. FRAP
scanning heads are now also commercially available
for widefield fluorescence systems (e.g. DeltaVision
Elite from GE), spinning disk confocal or TIRF
systems (e.g. iLas2 FRAP-3D from Roper (Figure
8), UltraView VoX from PerkinElmer and Revolution
XD from Andor). In these setups the microscope’s
excitation illumination light-path and the FRAP illumi-

nation light-path are independent from one another,
offering very fast switching between, or even simultaneous, photobleaching and imaging. Typically, such
systems will have some calibration routine to correlate a given pixel’s position with the corresponding
galvo position. Some of the CLSM manufacturers
have also developed systems with dual scanners to
enable this (e.g. the SIM scanner on the Olympus
FV1000 and FV1200 confocal systems).
The short-lived increase in the laser intensity for photobleaching is achieved either by using an acousto-optical tunable filter (AOTF), by modulating the
laser output power directly, or by using a fast switching mirror to steer the beam into an independent
light-path with reduced attenuation.
Data Acquisition
Acquisition and photo-perturbation parameters need
to be carefully adjusted in order to minimise errors
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Figure 10 Establishing and refining the FRAP conditions in the iLas2 module through selection of the appropriate mode of operation
(On-Fly or MDA), ROI shape, size and location, duration/repetitions of bleach and laser intensity to be used, as well as the temporal
frequency and number of images in the pre- and post-bleach acquisition steps. They have to be adjusted according to the protein
dynamics and cell and fluorophore stability. This data, once established, is then sent back to the Multi Dimensional Acquisition tool in
MetaMorph.

in quantification and interpretation[27]. This is a rule
of thumb for qualitative and quantitative FRAP experiments. Prior to carrying out a FRAP experiment,
one should perform empirical tests to establish timelapse image acquisition settings that minimise photobleaching and match protein dynamics. This usually
requires a compromise between sufficient dynamic
range for quantification and sufficient imaging speed
to properly sample the recovery dynamics. Acquisition
frequency and photo-perturbation duration need to
be adjusted according to the recovery speed as well.
This will involve selection of the appropriate objective lens, fluorescence filter set, laser power, camera
settings, exposure duration (or corresponding
confocal acquisition settings) and imaging frequency according to the sample preparation and protein
dynamics (Figure 9). Subsequent empirical tests
should be carried out to tune the FRAP settings like
the ROI shape, size and location, bleaching duration
and laser intensity (Figure 10). It is important that the
duration of the photobleaching step should be short
enough to prevent any molecules from entering or
leaving the ROI during the bleach. In addition, acquisition of the post-bleach sequence must be fast
enough to capture the fluorescence recovery. Finally,
the delay between the end of the bleaching and
the beginning of the recovery must be as short as
possible. In a general manner, one can use the rule
of ten:
• bleaching duration must be at least 10 times
faster than the half time of recovery (t1/2).
• delay between the end of the bleaching step and
the beginning of the recovery sequence must be
shorter than a 10th of t1/2.
• acquisition frequency of the recovery sequence
must be at least 10 times faster than t1/2 (at least

•

until t = t1/2, then the acquisition frequency can be
reduced to avoid observational photobleaching).
recovery sequence duration must be about 10
times longer than t1/2.

When the size of the bleaching ROI affects the half
time recovery, which is the case for example for diffusional or flow-induced mobility, it can be adjusted for
the rule of ten to hold (e.g., bleaching a larger area
in a fast mode will increase the t1/2, allowing slower
acquisition frequency).
In the following example, we show the data acquisition parameters that require consideration for the
iLas2 FRAP-3D system (Roper, France), integrated
onto the MetaMorph acquisition platform (Molecular
Devices; Figure 9). Whilst the considerations are
similar on other hardware/software platforms, the
terminology and implementation may differ.
Once the appropriate imaging and FRAP conditions
are established, single or multiple ROIs are selected
in a preview image and the iLas2 software sends the
data as a journal (macro) to the MetaMorph Multi
Dimensional Acquisition (MDA) tool. This handles
the complex time-lapse acquisition routine established in the iLas2 window. When the time resolution of the experiment is critical the FRAP-On-Fly
method can be used instead of the MDA. In this case
a stream acquisition is setup in which the hardware
is pushed to its limits to maximize frame-rate. During
the acquisition, the user can then manually select the
position of the FRAP ROI with the mouse whilst the
stream acquisition continues. The frame rate is then
limited by the exposure time and read-out speeds of
the camera/computer system.
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Figure 11 Image correction prior quantification. All the information for a given cell is used to measure the cell fluorescence eliminated
by bleaching and to compensate for observational bleaching over time throughout the experiment. A Three distinct ROI are defined: z1
is the region targeted by the laser bleaching pulses; z2 includes the whole cell and is assumed to contain a fixed number of fluorophores,
regardless of whether those fluorophores are bleached or fluorescent; z3 is defined for the estimation of background level, mostly due
to the CCD dark signal. B The average level over z3 is subtracted from all the images. Signal levels Z1 and Z2, in regions z1 and z2, are
analysed after background subtraction. They are processed to account for observational bleaching and for the limitation of recovery in z1
by the total loss over z2.

Data Processing Prior to Quantification
It is of major importance to process the acquired
data before quantification in order to correct for observational photobleaching and avoid artifacts in the
quantification[27]. Image sequences can be corrected for observational photobleaching using the fact
that a closed volume (Z2 in Figure 11A) contains a
finite number of fluorescent molecules[5]. Changes
in the average intensity inside this volume over time
results from both bleaching pulses and observational photobleaching, following a first-order decay
with time constant τ. Observational photobleaching
can be assessed with Z2 before (t<t0) and after the
pulse (t>t0), and corrected by multiplying Z2 by e(t−t0
)/τ
. In this normalization process, the step points A
and B are fixed points, and the normalized Z2 curve
(second plot) has two constants: Z2(t<t0) =A and
Z2(t>t0) =B.
Let α be the ratio Z1/Z2, with Z1 the average intensity over the volume z1 (see Figure 11A). Before
the bleaching pulse, at t<t0, α remains constant at
steady state. Z1 (light grey) and the difference signal
ZR=Z2-Z1 over the complementary region (dark grey)
therefore both decay like Z2. Consequently, Z1 and
ZR are constant before the pulse on the normalized
graph. Immediately after the photobleaching of z1,
at t=t0, Z1/Z2 no longer equals α, but instead falls to
α−∂Z1 / Z2. If full recovery to the initial steady state
occurs during the experiment, this proportion then
returns to α1, and Z1 recovers at the expense of ZR.
With the exception of very limited bleached areas
and/or bleaching depths, full recovery in z1 is attenuated by a loss factor B/A. Recovery curves are thus
compared to their asymptotic limit Z1(B/A), so that
the mobile fraction can still be measured correctly. To
enable comparisons between multiple experiments a
normalisation step is typically carried out.
Once the data are processed and normalized,

recovery curves can be analyzed following the procedure introduced earlier.

5. Conclusion
FRAP is carried out on microscopes equipped with
components that allow the user to selectively expose
regions of interest (ROI) to intense pulses of laser
light. This is usually possible on research grade microscopes such as confocal instruments. In doing so
the fluorescent molecules (usually proteins of interest
tagged with fluorophores like GFP) within that region
are photobleached into an ‘off’ state. By subsequently analysing that ROI the dynamics of the recovery
of that fluorescence can be used to give a greater
understanding of the molecule being studied like:
(1) the half-time of recovery, (2) the ratio between
mobile and immobile fractions, (3) the effective diffusion coefficient, (4) the binding time of proteins to
immobile macromolecular complexes, and (5) the
interconnection of intracellular organelles and the
existence of protein complexes.
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