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Why Use FLIM

Microscope users often consider the fluorescence lifetime just an additional parameter to sepa-
rate the signals of different fluorophores. It is certainly correct that different fluorophores usu-
ally have different fluorescence lifetimes, and their signals can thus be separated by FLIM.
However, reducing the fluorescence lifetime to a mere separation parameter means missing
the point of FLIM. FLIM applications are not primarily aiming at separating signals of differ-
ent fluorophores. Instead, FLIM is used to discriminate different fractions of the same fluoro-
phore in different states of interaction with its environment. Thisis achieved by using a basic
property of the fluorescence lifetime: The fluorescence lifetime of a fluorophore depends on
its molecular environment but, within reasonable limits, not on its concentration. Molecular
effects can thus be investigated independently of the unknown and usualy variable fluoro-
phore concentration [53, 60, 75, 226, 299, 338].

lon concentrations

An excited molecule can dissipate the absorbed energy by interaction with other molecules.
The effect is called fluorescence quenching. The fluorescence lifetime, 7, then becomes
shorter than the normally observed fluorescence lifetime, 7, see Fig. 288, left. One quenching
mechanism is ‘collisional’ quenching, i.e. the collision of the excited molecule with another
molecule, atom, or ion. Typical quenchers are oxygen, halogens, heavy metal ions, and a vari-
ety of organic molecules. For fluorescence lifetime microscopy it is important that the rate
constant of fluorescence quenching depends linearly on the concentration of the quencher. The
concentration of the quencher can therefore be directly obtained from the decrease in the fluo-
rescence lifetime. The classic example is quinine, the lifetime of which follows the reciprocal
CI” concentration over two orders of magnitude. A practical example is shown in Fig. 288,
right. A comprehensive overview about quenching by variousions can be found in [226].
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Fig. 288: Left: Fluorescence quenching. Right: Change of the fluorescence lifetime of quinine sulphate with the
ClI” concentration.

Of particular interest to cell biology are Ca'™ and ClI°, both of which are important to the func-
tion of the neuronal system. Applications of fluorescence-lifetime recording and FLIM to the
measurement of Ca™* and Cl” concentrations can be found in [54, 219, 365] and [141, 148,
156, 191], respectively.

Oxygen

Oxygen is an efficient fluorescence quencher for a large number of fluorophores [226], espe-
cialy those of longer fluorescence lifetime. Strong effects are observed for pyrene, anthra-
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cene, and coronene. Unfortunately these compounds absorb and emit in the UV. They are
therefore of limited usefulness in microscopy. Strong oxygen quenching is also observed for
the phosphorescence of organic ruthenium, europium, platinum and palladium compounds
[151, 226, 229, 269, 270]. Unfortunately the phosphorescence lifetimes are so long - from
hundreds of nanoseconds to many microseconds - that they are difficult to record in combina-
tion with the high laser pulse-repetition rates and fast scan rates used in modern laser scanning
microscopes. bh have therefore developed a phosphorescence lifetime imaging techniques
based on laser modulation and dual-time-base recording [51], see ‘ Phosphorescence Lifetime
Imaging (PLIM)’, page 125.

Oxygen Effect on NADH and FAD fluorescence

Oxygen has a strong effect on the fluorescence of the endogenous fluorophores NADH and
FAD. Chance et a. defined a ‘redox ratio’ that is a direct indicator of the amount of oxygen
used in the mitochondria of the cells [93, 94]. Indirectly, oxygen has an influence on the ratio
of bound and unbound NADH [154, 101, 103]. Effects of oxygen probably exist also for other
endogenous fluorophores [313, 314]. Oxygen-induced changes of the decay profiles of en-
dogenous fluorophores can be expected to become important with the introduction of FLIM
into clinical applications.

Binding to Proteins, Protein Configuration

Many fluorescent molecules, including endogenous fluorophores, form complexes with other
molecules, in particular proteins. The fluorescence spectra of these different conformations
can be virtually identical, but the fluorescence lifetimes are often different. The exact mecha-
nism of the lifetime changes is not always clear. The most likely mechanisms are fluorescence
guenching and a change in the configuration of the fluorophore which, in turn, changes the
rate of internal non-radiative decay. In practice, for aimost all dyes the fluorescence lifetime
depends more or less on the binding to proteins, or lipids [202, 226, 300]. When afluorophore
is bound to a protein aso the protein configuration may have an influence on the fluorescence
lifetime [59]. Fluorescence lifetimes of flavinols in plant cells recorded by TCSPC FLIM
were found to be as short as 45 ps, probably due to extremely efficient quenching [260]. Kir-
chberg et al. [200] found changes in the decay profile of Lucifer Yellow depending on the
conformation of the protein to which it was bound. A glucose sensor based on this mechanism
has been described in [310]. An effect of target protein configuration has even been found for
EGFP which had long believed to be insensitive to its environment [155]. Lifetime changes of
diphenylhexatriene (DPH) depending on the cholesterol concentration were used in [167].
Davey et al. found an increase of the fluorescence lifetime of dil-C18 and Alexa-488-labelled
IgE in local membrane structures [107]. Garcia et a. used a fluorescently labelled ATP analog
to detect actomyosin states in muscle sarcomeres [146]. An application of environment-
dependent lifetime variation to the analysis of histological samples has been described in
[125]. Environment-dependent changes of fluorescence parameters have even been observed
for quantum dots and nano-particles [91, 104, 150, 375]. There is an enormous amount of
fluorophores used in microscopy today [173, 338], and only a few of them have been tested
for target-specific lifetime changes. The most promising ones are those of medium and low
guantum efficiency. These are most likely to be influenced by the local molecular environ-
ment. FLIM users are encouraged to keep eyes on lifetime changes that may be suitable as
probe functions, see also section ‘Near-Infrared FLIM’ of this handbook.

Binding to DNA and RNA

It has been shown by van Zandvoort et al. that the fluorescence lifetime of SYTO13 is differ-
ent when bound to DNA or RNA [355]. The effect has been used to measure the RNA:DNA
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ratio in living bacteria cells and bacteria colonies [362]. Douma et al. used the environment-
dependent lifetime of SYTO13 and SY TOA41 to differentiate between different cells and cell
structures in blood vessels [120].

Endogenous Fluorophores, Effect of Metabolic Activity

Most endogenous fluorophores are mixtures of dightly different compounds, with almost
identical spectra but different fluorescence lifetimes [314, 315, 316]. The composition of the
mixture may vary, and thus induce a change in the amplitudes of the decay components and in
the apparent lifetime. Moreover, the lifetimes depend on the binding to proteins, on the oxy-
gen concentration [313], or other metabolic parameters. The most common endogenous
fluorophores are NADH and FAD which both exist in a bound and in an unbound form. The
lifetime differences between the forms are substantial, and bound and unbound fractions can
be easily distinguished by FLIM [224, 272]. Both the fluorescence lifetimes of the decay com-
ponents and the relative amplitudes have been found sensitive to the metabolic state of cells
and tissue [68, 101, 102, 103, 154, 323, 324].

Local Viscosity

Local viscosity can be sensed by ‘molecular rotors' . These are fluorophores that have a high
degree of internal flexibility. Rotation inside the fluorophore provides for a radiationless de-
cay path. The non-radiative decay rate changes with the viscosity of the solvent. Viscosity
measurement by FLIM with a Bodipy-based molecular rotor has been demonstrated in [180,
220, 232, ]. In general, the fluorescence lifetime of any fluorophore of high molecular flexibil-
ity can be expected to depend on the viscosity of the environment. Lifetime variation of dial-
kyl-indocarbocyanines due to micro-viscosity changes in cell membranes has been used in
[342].

Influence of Local Refractive | ndex

The radiative decay rate of a fluorophore depends on the local refractive index [332, 336,
337]. The refractive index varies within biological cells and tissue. The lifetime changes in-
duced by these variations can be used to gain structural information about biological speci-
mens and to study membrane effects, e.g. the transition of a bacterium or avirus through a cell
membrane [348, 349].

Proximity to metal surfaces, binding to nanoparticles

Extremely strong effects on the decay rates must also be expected if dye molecules are bound
to metal surfaces, especially to metallic nano-particles [87, 147, 241, 286, 297]. Proximity to
metal surfaces changes both the radiative and non-radiative decay rates. It can happen that the
radiative rate increases dramatically. The result is a decrease in the fluorescence lifetime with-
out a decrease (or even with an increase) in intensity, accompanied by an increase in photosta-
bility. Similar, yet less dramatic effects have been reported also for non-metallic nanoparti-
cles. They are interesting when such particles are used as carriers of drug delivery. TCSPC
measurements on Cy3 encapsulated in calcium phosphate nanoparticles have shown reduced
non-radiative and increase radiative decay rates, resulting in a 20 fold increase in brightness
[256, 258]. The use of cyanine-loaded lipid nanoparticles was demonstrated in [343], and
improved fluorescence efficiency was verified by TCSPC. Changes of the fluorescence life-
time depending on the substrate a protein construct is resting on were exploited in [181].

Solvent Polarity

The molecular conformation of a fluorophore and thus its fluorescence behaviour is also in-
fluenced by the solvent properties, especially the solvent polarity [61, 226]. Therefore, the
fluorescence lifetimes of many fluorophores depend more or less on the solvent polarity [166].
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Moreover, when a molecule enters the excited state the solvent molecules around it re-arrange.
Consequently, energy is transferred to the solvent, with the result that the emission spectrum
is red-shifted. Solvent (or spectral) relaxation in water happens on the time scale of afew ps.
However, the relaxation times in viscous solvents and in dye-protein constructs can be of the
same order as the fluorescence lifetime. The effects can be measured by TCSPC [285]; appli-
cations of spectral relaxation to cell imaging have not been reported yet.

pH Sensors

Many fluorescent molecules have a protonated and a deprotonated form. The equilibrium be-
tween both depends on the pH. If the protonated and deprotonated form have different life-
times the apparent lifetime is an indicator of the pH. A typical representative of the pH-
sensitive dyes is 2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF) [6, 170,
173, 226, 307]. An example is shown in the application part of this chapter. Medintz et al.
presented a pH sensor based on a quantum-dot/dopamine conjugate [249]. They determined
the mechanism of the lifetime change to be electron transfer within the conjugate.

lon Concentration

There are fluorescence sensors for various ions. The sensors either undergo collisional
guenching by the ions, or perform conformational changes which lead to a change in the fluo-
rescence quantum efficiency. Most of the changes are accompanied by a corresponding change
in the fluorescence lifetime. Please see [75, 226, 338] for an overview. The use of Ca®* and
Cl" sensorsis described in section * Measurement of Molecular Environment Parameters', page
194.

Redox Potential

There are fluorophores that change their fluorescence behaviour depending on the redox po-
tential of the local environment. Sensors based on GFP variants are described in [171]. An
improved redox sensor based on a modified GFP (roGFPIE) was developed by Avezov et al.
Test results obtained in various cells by TCSPC FLIM are described in [10].

Aggregation of Fluorophores

The radiative and non-radiative decay rates depend also on possible aggregation of the dye
molecules. The electron systems of the individual molecules in aggregates are strongly cou-
pled. Therefore the fluorescence behaviour of aggregates differs from that of the free mole-
cules. Aggregation is influenced by the local environment; the associated lifetime changes can
be used as a probe function. Lifetime heterogeneity due to aggregation was reported for
E-Bodipy fluorophores, see [114]. Aggregation has also been used to observe the internalisa-
tion of dyes into cells [196]. Lifetime effects may also occur when dye-labelled proteins ag-
gregate. This has been used to observe HIV-1 internalisation into cells [162], and to observe
oligomerisation of labelled proteins[172].

Forster Resonance Energy Transfer: FRET

FRET was first theoretically explained by Theodor Forster in 1946 [133, 134]. The effect is
also called fluorescence resonance energy transfer or ssmply resonance energy transfer (RET).
Fluorescence resonance energy transfer is an interaction of two molecules in which the emis-
sion band of one molecule overlaps the absorption band of the other. In this case the energy
from the first molecule, the donor, can transfer into the second one, the acceptor. FRET can
result in an extremely efficient quenching of the donor fluorescence and, consequently, in a
considerable decrease of the donor lifetime. The energy transfer rate from the donor to the
acceptor decreases with the sixth power of the distance. Therefore it is noticeable only at dis-
tances shorter than 10 nm [226]. FRET is used as atool to investigate protein-protein interac-
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tion. Different proteins are labelled with the donor and the acceptor, and FRET is used as an
indicator of the binding between these proteins. FRET is the most frequent FLIM application.
The number of FLIM-based FRET papers has literaly exploded in the last couple of years.
Please see ‘ Fluorescence Resonance Energy Transfer (FRET)’, page 198.

Electron Transfer

At distances smaller than about 1 nm between an (electron) donor and acceptor photo-induced
electron transfer can occur [135, 226]. The excited molecule can either be the electron donor
or the electron acceptor. The direction of the electron transfer is determined by the oxidation
potential of the donor and the reduction potential of the acceptor. Electron transfer delivers
two radicals, both in the ground (S0) state. Both exited singlet states and triplet states can un-
dergo electron transfer at high rates. In solution, the effective transfer rate is usually limited by
diffusion. However, in ordered systems (e.g. complexes or adsorbates) the electron transfer
rate may become extremely high. Electron transfer is a basic step in photosynthesis. It is also
important to the development of organic photovoltaic devices and artificial photosynthesis
systems [328]. In biological imaging photo-induced electron transfer, and the radicals pro-
duced by it, are a source of photobleaching and photodamage. Electron transfer is a possible
explanation of the fact that some fluorophores are highly photostable in solution, but rapidly
photobleach when attached to proteins. It also explains why unstained cells survive high expo-
sure to light, while the same cells stained with exogenous fluorophores may not. Although
electron transfer may be the basic mechanism of a number of quenching effects it is not ex-
plicitly used as a probing function.

Second-Harmonic Generation

Second-harmonic generation (SHG) is an ultra-fast nonlinear process that converts two pho-
tons of the incident light into one emitted photon. The wavelength of the emitted photon is
exactly one half of the wavelength of the excitation photons. Second-Harmonic generation has
nothing to do with fluorescence but often shows up as an ultrafast component in decay curves
measured in multiphoton microscopes. Second harmonic componentsin FLIM data give addi-
tional information about the constitution of the tissue under investigation [244]. SHG emis-
sion requires some global organisation of the molecules. In biological system it mainly comes
from connective tissue, especially from collagen in animal tissue and from cellulose and
starch in plant tissue. The ratio of SHG and autofluorescence intensity in mammalian skin is
an indicator of skin ageing [204]. SHG may also become important to localise nanoparticlesin
human skin.
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M easur ement of Molecular Environment Parameters

pH Imaging

Microscopic pH imaging can be achieved by staining the sample with a pH-sensitive fluores-
cent probe. These probes usually have a protonated and a deprotonated form. There is an equi-
librium between both forms that depends on the pH of the local environment. If both forms
have different fluorescence lifetimes the average lifetime is a direct indicator of the pH [226].
A typica representative of the pH-sensitive dyes is 2',7-bis-(2-carboxyethyl)-5-(and-6)-
carboxyfluorescein (BCECF) [173]. In aqueous solution the lifetimes of the protonated form
and the deprotonated form have been found 2.75 ns and 3.90 ns, respectively [170]. In the pH
range from 4.5 to 8.5 both forms exist, and the fluorescence decay function is a mixture of
both decay components. Thus, the lifetime of a single-exponential fit can be used as an indica-
tor of the pH. An example of pH imaging of skin tissue is shown in Fig. 289. A single-
exponential lifetime image is shown left, decay curves from different areas of the image are
shown right. In areas of low pH fluorescence components of both protonated and deprotonated
BCECF are found. The decay profile is therefore double-exponential. In areas of high pH es-
sentially deprotonated BCECF is found, and the decay profile is single-exponential. It should
be noted that the lifetimes of free BCECF differ from the lifetimes of BCECF bound in the
tissue. The lifetime-pH relation must therefore be calibrated for bound BCECF.

Fig. 289: Left: Lifetime image of skin tissue stained with BCECF. The lifetimeis an indicator of the pH. Right:
Fluorescence decay curvesin an area of low pH (top) and high pH (bottom). LSM 510 NLO with SPC-830 FLIM
module, courtesy of Thea Mauro, San Francisco

Calcium Imaging

Ca’™" ions are involved in a large number of cell functions, such as intracellular transport,
membrane potential, muscle contraction, gene expression, and cell differentiation. There is a
wide variety of Ca®* sensors [225, 226, 254]. Most likely, the mechanism of the Ca**-
dependent lifetime change is that the fluorophore has a Ca-bound and a Ca-unbound form of
different fluorescence quantum efficiency and thus different fluorescence lifetime. The fluo-
rescence lifetime of the bound form is higher than that of the unbound form. Consequently,
the net fluorescence lifetime depends on the Ca?* concentration. It can, however, happen that
the fluorescence quantum efficiency of the unbound form is so low that the corresponding
lifetime component is no longer observed. In that case, an intensity change but no lifetime
change is observed [226]. This is the case for the Fluo sensors, as has been shown for Fluo-4
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[54, 137]. However, the traditional Ca?* dyes, such as calcium green and Oregon green, dis-
play large lifetime changes and work beautifully for lifetime-based Ca2+ measurement. An
examplesis shown isFig. 290.

Fig. 290: FLIM image of cultured neurons stained with Oregon green OGB-1 AM. Colour range from tm =
1200 ps (blue) to 2400 ps (red). Decay curves of regions with low Ca (top) and high Ca (bottom) shown on the
right. Data courtesy of Inna Slutsky and Samuel Frere, Tel Aviv University, Sackler School of Medicine.

The advantage of FLIM over intensity-based Ca®* imaging is that absolute values of the Ca&*
concentration are obtained. This has been used to quantify calcium concentrations in astro-
cytes of live mice with cortical plaques by multiphoton NDD FLIM [219].

Recording Ca™ Transientsin Live Neurons

The Ca®* concentration in cells can change within remarkably short periods of time. Re-
cording these ‘ C&?* transients’ requires a time resolution in the range of less than 50 ms. It is
thus usually considered impossible to record Ca?* transients by fluorescence lifetime detec-
tion. However, Ca&®* transients can easily be recorded by temporal Mosaic FLIM (see page
113) or FLITS (see page 132).

The application of FLITS to the recording of Ca* transients in live neurons on electrical
stimulation has been described in [54] and [137]. A typical result is shown in Fig. 291. Hippo-
camal cultures were prepared from newborn rats and kept under physiological conditions for
12 to 18 days. The cultures were then loaded with OGB-1 AM, see [137] for details. A Zeiss
LSM 7 MP multiphoton microscope with a normal Simple-Tau 150 FLIM system was used to
run the FLITS experiments. The cells were stimulated periodically at a fraction of the line
clock frequency. To run the experiments, an intensity image was taken by the LSM 7 MP, and
an appropriate location for the line scan selected. Then the LSM 7 MP was switched into the
line scanning mode. The data acquisition in the FLIM system, the scanning in the LSM 7 MP,
and the stimulation were started. The stimulation pulses of 1 ms duration were applied to the
cell culture in intervals of 3 seconds [137]. Data acquisition was continued over about
300 seconds, i.e. photons from about 100 stimulation periods were accumulated. The result is
shown in Fig. 291, left.

To verify that the FLITS experiment did not cause cell damage or photobleaching a FLIM
image was recorded after the FLITS experiment. It is shown in Fig. 291, right. It does not
show any cell damage or photobleaching effects along the scanned line. It also shows that the
Ca®* concentration returned to the resting level, compare bottom of FLITS image on the left.
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Fig. 291: FLITS of C&* transientsin live neurons. Left: FLITS image. Right: FLIM image taken after the FLITS
recording. Red lines indicates position of FLITS scan. Data courtesy of Inna Slutsky and Samuel Frere, Tel Aviv
University, Sackler School of Medicine.

Ca’* recording by temporal mosaic FLIM is shown in Fig. 292. OGB-1 AM was used as a
Calcium sensor. The sample was stimulated electrically, and 100 stimulation cycles were ac-
cumulated. A Zeiss LSM 7 MP was used for the experiment. With 64 x 64 pixels and a zoom
factor of 5, the LSM 7 MP reaches a frame time of 38 ms. 150 milliseconds before every
stimulation a recording through the entire 64-element mosaic was started. With the frame time
of 38 ms, the acquisition thus runs through the entire mosaic in 2.43 seconds. The result
shows clearly the increase in the fluorescence lifetime of the Ca?* sensor in the mosaic ele-
ments 4 to 6, and a return to the resting state over the next 10 to 15 mosaic elements (380 to

570 ms).

Fig. 292: Temporal mosaic FLIM of the Ca®* transient in cultured neurons after stimulation with an electrical
signal. The time per mosaic element is 38 milliseconds, the entire mosaic covers 2.43 seconds. Experiment time
runs from upper left to lower right. Photons were accumulated over 100 stimulation periods. Recorded by Zeiss
LSM 7 MP and bh SPC-150 TCSPC module. Data courtesy of Inna Slutsky and Samuel Frere, Tel Aviv Univer-

sity, Sackler Faculty of Medicine.
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Chloride Imaging

The chloride concentration is important to the function of the neuronal system. An overview
on CI" imaging is available in [75] and [148]. Measurements of the concentration of intracellu-
lar ClI" in olfactory sensory neurons by TCSPC FLIM were described in [191]. MQAE was
used as a fluorescent probe. MQAE is quenched by CI", and the concentration can be calcu-
lated from the lifetime change via the Stern-Volmer equation. A bh SPC-730 module was
used in conjunction with 2-photon excitation. Because 2-photon excitation does not cause
photobleaching and photodamage outside the focal plane the authors were able to obtain
z-stacks of the ClI° concentration in dendrites over depth intervals up to 150 um. Fig. 293
shows a spinal ganglion of a mouse stained with MQAE. Short lifetimes indicate high Cl-
concentration and vice versa.

Fig. 293: Spinal ganglion of a mouse stained with MQAE. Short lifetime indicates high Cl- concentration. Data
courtesy of Thomas Gensch, Jilich Research Centre, Germany

The same technique was applied to somatosensory neurons in dorsal root ganglia of newborn
mice [156]. It could be shown that the somatosensory neurons undergo a transition of Cl™ ho-
meostasis during the first three postnatal weeks. The modulation of chloride homeostasis by
inflammatory mediators was investigated in [141]. The influence of the Cl- concentration (and
of the pH) on the lifetime of GFP was studied in [8].
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Fluor escence Resonance Energy Transfer (FRET)

FRET is an interaction of two fluorophore molecules with the emission band of one dye over-
lapping the absorption band of the other. In this case the energy from the first dye, the donor,
can be transferred to the second one, the acceptor. The energy transfer itself does not involve
any light emission and absorption [133, 134, 226]. Forster resonance energy transfer (FRET),
or resonance energy transfer (RET), are synonyms of the same effect. The energy transfer rate
from the donor to the acceptor decreases with the sixth power of the distance. Therefore it is
noticeable only at distances shorter than 10 nm [226]. FRET results in an extremely efficient
guenching of the donor fluorescence and, consequently, decrease of the donor lifetime.
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Fig. 294: Fluorescence resonance energy transfer

Because of its dependence on the distance FRET has become an important tool of cell biology
[276, 278, 341]. Different proteins are labelled with the donor and the acceptor; FRET is then
used to verify whether the proteins are physically linked and to determine distances on the nm
scale.

The problem of steady-state FRET techniques is that the concentration of the donor and the
acceptor varies throughout the sample. The techniques therefore depend on ratios of the donor
and acceptor intensities. However, the FRET-excited acceptor intensity is not directly avail-
able. There is ‘donor bleedthrough’ due to the overlap of the donor fluorescence into the ac-
ceptor emission band. Moreover, some of the acceptor molecules are excited directly. Steady-
state FRET techniques therefore require careful calibration, including measurements of sam-
ples containing only the donor and only the acceptor [158, 177].

The calibration problems can partially be solved by the acceptor photobleaching technique.
An image of the donor is taken, then the acceptor is destroyed by photobleaching, and another
donor image is taken. The increase of the donor intensity is an indicator of FRET. The draw-
back is that this technique is destructive, and that it is difficult to use in live cells. In fixed
cells, however, the protein structure is changed aready by the fixation so that the results are
not necessarily correct.

All steady-state techniques have the problem that there is usually a mixture of interacting and
non-interacting proteins. Both the fraction of interacting proteins and the distance between the
proteins influence the FRET efficiency derived. It therefore cannot be told whether a variation
in the FRET efficiency is due to a variation in the distance or a variation in the fraction of in-
teracting proteins.

Single-Exponential FLIM FRET

The use of FLIM for FRET has the obvious benefit that the FRET intensity is obtained from a
single lifetime image of the donor [11, 38, 42, 97, 122, 280, 303]. Donor bleedthrough and
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directly excited acceptor fluorescence therefore have no influence of FLIM-FRET measure-
ments. The only reference value needed is the donor lifetime in absence of the acceptor. It will
be shown later that even this reference lifetime can be obtained from the FLIM-FRET data
themselves.

Fig. 295 shows a single-exponential lifetime image of a cultured HEK (human embryonic
kidney) cell expressing two interacting proteins labelled with CFP and YFP. The excitation
wavelength was 405nm. The fluorescence was recorded through a 480+20 nm filter. It can
clearly be seen that the CFP lifetime is reduced in the membrane of the cell and in the Golgy
apparatus.

Fig. 295: HEK cell expressing two interacting proteins labelled with CFP (donor) and Y FP (acceptor). Single-
exponential lifetime image of the donor fluorescence, blue to red correspondsto alifetime range of 1.7 to 2.2 ns.
A lifetime distribution over the pixelsis shown on the right. Cells courtesy of Burkhard Wiesner, Leibniz Insti-
tute of Molecular Pharmacology (FMP), Berlin, Germany

Single-exponentia lifetime images as the one shown in Fig. 295 are very useful to locate the
areas in a cell where the labelled proteins interact. It has been shown that for a given effi-
ciency of the optical system and detector and a given excitation power FLIM-based FRET
measurements give better accuracy than steady-state techniques [274]. Single-exponential
decay measurements do, however, not solve the general problem of the FRET techniques that
the total decrease of the donor fluorescence intensity or fluorescence lifetime depends both on
the distance of donor and acceptor and the fraction of interacting donor molecules. In the sim-
plest case, afraction of the donor molecules may not be linked to their targets, or not al of the
acceptor targets may be labelled with an acceptor. This can happen especialy in specimens
with conventional antibody labelling [223]. But even if the labelling is complete by far not all
of the labelled proteins in a cell are interacting, and the fraction of interacting protein pairs
varies throughout the cell.

Double-exponential FLIM FRET

TCSPC FLIM solves the problem of interacting and non-interacting donor by double-
exponential lifetime analysis. The resulting donor decay functions can be approximated by a
double exponential model, with a slow lifetime component from the non-interacting (un-
guenched) and a fast component from the interacting (quenched) donor molecules. If the |abel-
ling is complete, asit can be expected if the cell is expressing fusion proteins of the GFP vari-
ants, the decay components directly represent the fractions of interacting and non-interacting
donor molecules. The composition of the donor decay function isillustrated in Fig. 296.
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Fig. 296: Fluorescence decay componentsin FRET systems

Double exponential decay analysis delivers the lifetimes, 7, and 7., and the intensity factors
(amplitudes), a and b, of the two decay components. From these parameters can be derived the
true FRET efficiency, Exq« , the ratio of the distance and the Forster radius, r/rq, and the ratio
of the number of interacting and non-interacting donor molecules, N / No:
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Fig. 297 shows the fluorescence decay curves in a selected spot (array of 4 adjacent pixels,
selected by the blue crosshair) of Fig. 295.
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Fig. 297: Fluorescence decay curve in aselected spot of Fig. 295. The decay profile is clearly double-
exponential.
The fluorescence decay is indeed double-exponential, with a fast lifetime component, e, Of
590 ps, and a slow lifetime component, 7, of 2.41 ns.

Fig. 298 shows the result of a double-exponential analysis of the data. The left image shows
the ratio of the lifetimes of the non-interacting and interacting donor fractions, 7/« The
distribution of /e in different regions is shown far left. The locations of the maxima differ
by only 10%, corresponding to a distance variation of about 2%. However, the variation in the
intensity coefficients, a/b, isabout 10:1.

The results show clearly that the variation in the single-exponential lifetime (Fig. 295) is al-
most entirely caused by a variation in the fraction of interacting proteins, not by a change in
distance. In other words, interpreting variations in the single-exponential lifetime (or classic
FRET efficiencies from steady-state experiments!) as distance variations leads to wrong re-
sults.
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Fig. 298: FRET results obtained by double-exponential lifetime analysis. Left: Ratio of the lifetime components,
t2/t1 = 1/ 5, Right: Ratio of the interacting and non-interacting donor fractions, al/a2 = Ny/No. Cells courtesy
of Burkhard Wiesner, Leibniz Institute of Molecular Pharmacology (FMP), Berlin, Germany

Similar double exponential decay behaviour is commonly found in FRET experiments based
on multi-dimensional TCSPC [11, 38, 40, 42, 71, 88, 122, 126, 280]. Double-exponential de-
cay profiles have aso been confirmed by streak-camera measurements [69, 70]. For many
years, the double-exponential decay was discussed controversially. The discussion was en-
hanced by double-exponential decay behaviour found for some FRET donors themselves.
Now there is no doubt any more that FRET induces a double-exponential donor decay, and
that the components represent interacting and non-interacting donor fractions.

The fact that the slow decay component comes from the non-interacting donor can be ex-
ploited for FRET analysis: The lifetime of the slow component is the reference lifetime for the
FRET calculation. The advantage is that this lifetime comes from the same cell and from the
same pixels, and that it was measured simultaneously with the lifetime of the interacting do-
nor. Possible variations by variable local environment have therefore no influence on the
FRET result. Moreover, it can be expected that the slow lifetime does not vary noticeably
throughout the cell. The slow lifetime can therefore often be used as a global parameter in the
fit process[16].

Although the double-exponential approach yields good results it should be noted that FRET
experiments can be more complicated than described above. There is the problem that a pro-
tein can be expressing (or be labelled with) several donor or acceptor molecules. The effect of
multi-labelling is energy migration between the donors, and an increase in the energy transfer
rate due to the presence of several acceptors. For physical background and possible pitfalls
please see [216, 217, 358].

It should also be mentioned here that double-exponential FRET measurement faces the prob-
lem that the fluorescence decay of the unquenched donor itself is often multi-exponential.
This happens especially for the CFPs and its variant, Cerulean. Strong multi-exponential be-
haviour can aso be induced by fixation procedures (see Fig. 285) and by excessive photo-
bleaching [178].

The situation can be complicated if the donor fluorescence is contaminated by autofluores-
cence [188]. The decay profiles of autofluorescence are multi-exponential, and can look very
similar to the decay of the donor in a FRET system, see Fig. 306. Negative tests with unla-
beled cells and with donor-only cells are therefore mandatory.

FRET results can also be biased by photobleaching or photoconversion of the fluorophores
[178]. Even photo-induced changes in the protein conformation cannot entirely be excluded,
see Fig. 307. In the last years, photo-induced artefacts have been reduced by better efficiency
of the detectors, better efficiency of the microscope optics, and by new fluorescent proteins
with higher photostability [109, 110].
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FLIM-FRET experiments need not necessarily be performed in single cells. The same data
analysis principles can, of course, be applied to fluorescence decay data obtained from protein
or cell suspensions in cuvettes or micro-cuvettes [79, 164, 183]. The advantage of these meas-
urements is that photobleaching is not a problem, the disadvantage is that only average FRET
parameters over the whole volume of the cells and over alarge number of cells are obtained.
Usually, not all cells express the acceptor. Consequently, the result can be biased towards
lower FRET efficiency, and alower fraction of interacting proteins.

Using Infor mation from the Acceptor Decay Function

There is continuous discussion about the shape of the acceptor decay function, whether it can
be used to improve the accuracy of FRET measurements, and whether FRET results can be
derived form an acceptor lifetime image. Fig. 299 shows how the acceptor decay function in
an ideal FRET experiment should look like. Acceptor excitation occurs via the S1 state of the
interacting donor molecules. The number of interacting donor molecules in the S1 state is rep-
resented by the fast donor fluorescence component. Consequently, this component acts as an
excitation pulse to the acceptor. The acceptor fluorescence decay function should therefore
have a slow rising edge with a time constant equal to the decay time of the interacting donor
fluorescence.

interacting donor
e -t/xfret acts as excitation N

for accptor
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non-interacting donor

time time

Fig. 299: Donor and acceptor decay functions expected in an ideal FRET experiment: The excitation of the ac-
ceptor comes from the interacting donor

However, nothing like thisis observed in practical FLIM FRET experiments. Fig. 300 shows a
lifetime image of the acceptor of the HEK cell shown in Fig. 295. The mean lifetime is be-
tween 2.3 and 2.6 ns. The fluorescence decay from the region of strong FRET has lifetime
components of 2.2 ns and 3.2 ns. The shape is close to a single-exponential decay. There is
neither atrace of aslow rise, nor isthere a decay component with a negative amplitude.
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Fig. 300: Left: Acceptor lifetime image of the HEK cell shown in Fig. 295. Right: Acceptor decay function in
region of strong FRET (right)

The explanation of the observed donor decay profile is in the fluorescence spectra. Thereis a
strong overlap of the donor emission into the acceptor emission. The observed acceptor decay

is therefore a sum of the donor emission overlapping into the acceptor spectrum, the decay of
the FRET-excited acceptor, and a contribution from directly excited acceptor. This is in
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agreement with the decay components shown in Fig. 300: The lifetimes of the decay compo-
nents are close to the average lifetime of the donor, CFP, and the typical lifetime of YFP.

In CFP-Y FP experiments the amount of donor fluorescence in the spectral range of the accep-
tor can be almost 50% of the observed acceptor fluorescence. Moreover, the decay time of the
fast donor component is exactly the rise time of the FRET-excited acceptor. Both effects can-
cel, and the result is a near-single-exponential decay function, as shown in Fig. 301.

Acceptor Fluorescence

bonor o observed
FRET-excited in acceptor channel

Directly excited

time time time

Fig. 301: The observed acceptor decay is a sum of FRET-excited acceptor fluorescence and donor fluorescence
emitted in the spectral range of the acceptor.

The prospects of using the acceptor decay functionsin FLIM FRET are therefore not good. It
has been attempted to obtain additional FRET information from the acceptor emission meas-
ured simultaneously with the donor emission in a dual-detector TCSPC system [182]. An at-
tempt was made in [43] to subtract the donor bleedthrough from the acceptor decay and to
build up an acceptor lifetime image free of donor bleedthrough. The result showed indications
of the dlow-rising acceptor component but also a large amount of directly excited acceptor
fluorescence. The slow rise of the acceptor fluorescence has been observed in [79] and [333].
These measurements were performed in protein solutions in cuvettes. The reason that the slow
rise of the acceptor fluorescence stands out more prominently than in the FLIM data is possi-
bly that the cuvette experiments used more restrictive filtering: [79] detected through a
557 nm filter, [333] in the 540 nm channel of a bh PML-16 multi-wavelength detector. Typi-
cal CFP / YFP beamsplitters used in microscopy split the signals at 510 to 520 nm and thus
record more donor bleed-through.

Even if the FRET-excited component of the acceptor fluorescence is correctly extracted from
the decay data as shown in [333], al these attempts are facing the same problems as intensity
FRET: It is not possible to record the FRET-excited acceptor fluorescence without accurate
correction of the donor bleedthrough and the contribution from directly excited acceptor fluo-
rescence.

A more promising approach to the exploitation of the acceptor fluorescence is multi-
wavelength detection [39, 47]. Reference spectra of the donor and the acceptor would be re-
corded, and the FRET fluorescence would be fitted by a model containing these spectra and
the unknown intensity coefficients and lifetimes of the donor and the acceptor. Thus, multi-
wavelength FLIM may lead to a combination of FLIM-based and sensitised-emission FRET
technigues. A demonstration of the technique has been givenin [72, 73, 74, 333].

Dark acceptors

An exciting possibility to improve FLIM FRET results is to use a dark acceptor. The advan-
tage of this approach is that donor-acceptor pairs with almost ideal overlap of donor emission
and acceptor absorption spectra can be selected. The FRET efficiency for a given donor-
acceptor distance is therefore higher than for conventional FRET pairs.

The situation for the GFP-Y FP pair is shown in Fig. 302. The figure shows that the pair would
be amost impossible for use for conventional FRET: The emission of the GFP and the YFP



204  Applications

cannot be spectrally separated, and excitation of the GFP anywhere close to its absorption
maximum would also excite a large amount of YFP. However, there is an excellent overlap
between the GFP emission and the Y FP absorption. With a dark Y FP, the GFP emission can
be detected, and the FRET efficiency determined by FLIM FRET. A dark YFP mutant (called
resonance energy accepting chromoprotein, REACh) has indeed been developed, and the
GFP- (dark)Y FP pair been used for FRET experiments [143, 144, 261, 278].
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Fig. 302: Absorption and emission spectral of GFP and Y FP, after [105]

One argument against FRET experiments with a dark acceptor is that the acceptor is not en-
tirely free of fluorescence - the fluorescence is only strongly quenched. The donor emission
would therefore be contaminated by an unknown amount of acceptor fluorescence. Such con-
tamination may indeed exist. What happens in detail depends on whether the fluorescence of
the acceptor itself is quenched dynamically or statically [226] is shown in Fig. 303, left and
right. Dynamic quenching results in en extremely short fluorescence lifetime of the acceptor.
The decay function of the FRET-excited acceptor is then identical with the decay component
the interacting donor. Contamination would result in a slight over-estimation of the amount of
interacting donor. Static quenching (if incomplete) would result in a weak acceptor fluores-
cence with the normal lifetime. The result would be contamination by a FRET-excited or di-
rectly excited acceptor decay, and thus an over-estimation of the non-interacting donor frac-
tion. The size of both effects can be determined by recording FLIM of acceptor-only samples.
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Fig. 303: Contamination by ‘dark’ acceptor fluorescence. Left: Acceptor quenched dynamically. Right: Acceptor
quenched statically.

Another argument against dark-acceptor FRET is more serious. There is no way to prove that
the cells are expressing the acceptor. If there is no acceptor FRET will not occur, even if the
labelled proteins are perfectly interacting. Consequently, the absence of a FRET signature in
the donor decay function is no prove of the absence of protein interaction.
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FRET between Endogenous Fluor ophores

There is a number of endogenous fluorophores with overlapping emission and absorption
spectra. That means FRET can, in principle, occur between the fluorophores, and be exploit-
able to investigate interactions of the associated proteins. Serrano et al. used FRET from an
amino acid (the donor) into tryptophane to detect structural heterogeneity [320]. Tryptophane
can aso be used as a FRET donor. The problem of these experiments is that amino acids or
tryptophan must be excited deep in the UV, around 250 nm. The optics of a normal micro-
scope and of the scan heads of normal laser scanning microscopes is transparent only down to
about 360 nm. Li and Seeger therefore built a confocal UV microscope with 266 nm excita-
tion wavelength, a PMH-100-6 detector and an SPC-630 TCSPC module. They were able to
obtain decay curves from tryptophane, and show that the fluorescence lifetime decreases on
interaction with other proteins [234]. There are currently attempts to reach tryptophane via
three-photon excitation in multiphoton microscopes. The problem of this approach is that this
wavelength excites NADH and FAD via two-photon excitation. Ar a given laser power, two-
photon excitation is far more efficient than three-photon excitation. It can easily kill the cells
as we have found in our own test experiments. Nevertheless, it has turned out that three-
photon excitation of tryptophane - and the detection of its fluorescence - is possible. With UV-
optimised optics in the detection beam path, hybrid detectors, and carefully adjusted laser
power three-photon excited TCSPC FLIM images of tryptophane were obtained. Possible
FRET would occur between the tryptophane and the bound component of the NADH. Indeed,
FLIM experiments have shown a decrease in the tryptophane lifetime with the bound-unbound
ratio of the NADH fluorescence [190, 278].

FRET in Diffraction-Limited Spots

Problems may occurs when FRET occurs in image details too small to be resolved in the opti-
cal microscope. To show up in the image at all, a sub-resolution structure must emit fluores-
cence at an intensity much higher than the environment. That means the fluorophore concen-
tration in the structure itself must be very high. High concentration bears the risk of interac-
tion of the donor molecules with several acceptors [217]. The FRET efficiency for a given
donor-acceptor distance is then higher than expected. The second problem is on the detection
side. The fluorescence decay function from a sub-diffraction structure will necessarily be con-
taminated by fluorescence from the closer environment. If there is no FRET in the environ-
ment (which is the purpose of the experiment) the FRET efficiency and the fraction of inter-
acting proteins come out too low.

Typical cases are cell membranes or synapses between neurons. A beautiful FLIM FRET im-
age of alive cultured neuron is shown in Fig. 304. FRET is expected to occur in synapses. As
can be seen in the image on the |eft there are a large number of small spots with decreased
lifetime. Magnified images of two typical details are displayed on the right.

The interpretation of such data is far more difficult than in a cell like the one shown in Fig.
314, page 201. The spots of decreased lifetime are hard to distinguish from photon-induced
noise and from variation due to inhomogeneity of the local environment. Conclusions can
only be made by correlating the spots of decreased lifetime with the morphology, by compar-
ing alarge number of measurements, and including negative tests with acceptor-free samples.
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Fig. 304: Live cultured neurons. FRET expected in synapses. Left: Full image, interesting candidates marked.
Right: Magnified images of details marked. Zeiss LSM 7 MP microscope with Simple-Tau 152 FLIM system and
HPM-100-40 hybrid detectors. Analysis by SPCImage, incomplete decay model with two exponential compo-
nents. Data courtesy of Inna Slutsky, University Tel Aviv.

FLIM FRET in synaptic structures has been published by Bosch et a. and by Fogel et al.
Bosch et a. were not only able to detect protein interaction, they could even follow the re-
organisation of post-synaptic substructures during long-term potentiation by time-series FLIM
[80]. Fogel et. a. [132] used a combination of intensity FRET measurement, FLIM FRET
measurement, and single-molecule imaging to show that the amyloid precursor protein homo-
dimer constitutes a resynaptic receptor that transduces a signal from amyloid-beta peptides to
glutamate release. Dore et al. and Murokashi et a. performed FLIM-FRET experiments in
single dendritic spines[119, 261].

Homo FRET

The FRET technique described above is based on resonance energy transfer between different
fluorophores. It should be mentioned, that FRET is aso possible between similar molecules.
Resonance energy transfer between similar molecules is called homo-FRET. Homo-FRET
leaves the fluorescence decay profiles unchanged: The energy transferred from the first mole-
cules to a second one is emitted by the second molecule, and the sum of the decay rates does
not change. What changes, however, is the fluorescence anisotropy. Homo FRET has thus to
be detected by comparing the intensities and decay profiles in two detection channels of per-
pendicular polarisation [263, 359]. This is possible by using a polarising beamsplitter in the
detection beam path. In most scanning microscopes these are not available as standard parts.
Thaler et a. therefore detected through the condenser beam path of an LSM 510 NLO. Their
paper on structural rearrangement of CaMKIllo catalytic domainsis based on homo FRET and
can be recommended as an amazing piece of scientific detective work [344].

Practical Hintsfor FRET M easurements
Multi-Exponential Decay of the Free Donor

Double-exponential FRET measurements are faced with the problem that the fluorescence
decay of the unquenched donor itself can be multi-exponential. This happens especially for the
CFPs and, at asmaller extend, Cerulean. CFP has two lifetime component of about 1.3 ns and
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2.9 ns with an amplitude of 20 to 40% and 60 to 80%, respectively [42]. Sarkar et a. [309]
found an almost similar composition (60% of 3.7 ns and 40% of 1.5 ns) for Cerulean excited
at 405 nm. Interestingly, there is no trace of a second component in our own data from live
cells, see Fig. 285, left. It is therefore possible that the composition of the decay depends on
the molecular environment, or on the excitation wavel ength.

Fortunately, in FRET experiments the fast lifetime component in the donor decay is usually in
the range of 400 to 800 ps. Under these conditions a double-exponential fit routine tends to
combine the 1.3 ns and the 2.9 ns component into one component of about 2.5 ns. Thus, the
interacting and non-interacting donor fractions can still be distinguished.

Almost ideal single-exponential decay profiles are obtained from GFP. GFP or EGFP are
therefore increasingly being used as FRET donors.

Please note that strong multi-exponential behaviour can be induced by fixation procedures.
The frequent complaints about strongly multi-exponential donor decay probably result from
measurements of fixed samples, see below.

Live Samples versus Fixed Samples

FRET measurements aim at measuring changes in the conformation and binding of proteins.
That means, that the molecular structure of a sample must be preserved during sample prepa-
ration. In other words, FLIM measurements normally have to be performed on live cells or
live tissue. Fig. 285 shows what can happen if this simple fact is ignored. Both images show
cells of the same type, transfected with Cerulean. The excitation wavelength was 445 nm, the
detection wavelength 480+20 nm. The left image was obtained from a live cell, the right im-
age from afixed cell. Both cells were analysed by a double-exponential model.

Fig. 305: Lifetime differences between a live cell (left) and a fixed cell (right). Colour-coded lifetime image,
histogram of lifetimes over the pixels, decay curve in selected spot of the image, excitation 445 nm. Both cells
are expressing Cerulean, without any FRET acceptor. Nevertheless, the fixed cell shows a decay profile typical
for FRET.

The live cell deliverstwo almost identical lifetime components. Thisis a clear indication that
the decay is amost perfectly single-exponential. The lifetime is about 2.8 ns. This is exactly
what one would expect for a cell expressing Cerulean alone.

The fixed cell (Fig. 285, right) shows a strongly double-exponential decay profile, with 60%
of 770 ps and 40% of 2.8 ns. The amplitude-weighted mean lifetime is around 1.56 ns. More-
over, the lifetime histogram shows a broad background of shorter lifetimes from the embed-
ding medium. No matter what kind of experiment this result would be used for, it would lead
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to significantly wrong results. Consider a FRET experiment: The decay profile of the fixed
Cerulean cdll is similar to the decay profile of a cell showing FRET, compare Fig. 297. An
inexperienced user may interpret the decay profile as 60% of interacting proteins, with a
FRET efficiency of 0.725. The average FRET efficiency would be 0.44. However, the cell
does not contain an acceptor, and consequently, cannot do any FRET.

Similarly wrong lifetimes and decay profiles are found also for other fluorescent proteins in
fixed samples. It appears likely that the frequent complaints about strong multi-exponential
decay of CFPs at some extend originate from measurements on fixed samples.

Autofluorescence

A frequent pitfall of FRET experiments is autofluorescence. If the cells are not expressing the
fluorophores as expected autofluorescence dominates the FLIM signals. Autofluorescence has
a fast and a slow decay component. The shape of autofluorescence decay functions can be
very similar to those of FRET, see Fig. 306. FLIM can help to identify autofluorescence prob-
lems: If the Slow decay component (circled) is not as expected for the free donor something
must be wrong with the sample. However, even this is not sure. If autofluorescence wants to
fool you it will, as can be seen in Fig. 306, right. Negative tests with un-transfected cells and
with acceptor-free cells are therefore mandatory for proving the relevance of FRET resullts.
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Fig. 306: Fluorescence decay from the donor of a CFP-Y FP FRET system (left) and fluorescence decay of auto-
fluorescence

Photobleaching

Photobleaching acts differently on the interacting and the non-interacting donor fraction. The
non-interacting donor component photobleaches faster, so that the fraction of interacting do-
nor (and thus the conventional FRET efficiency) is biased towards higher values. It is also
possible that the acceptor photobleaches. In that case, photobleaching decreases the fraction of
interacting donor. Moreover, photobleaching can create photoproducts that are fluorescent.
Emission from these compounds can change the composition of the decay profiles unpredicta-
bly [178].

As arule of thumb, the count rates should not decrease by more than 20% during the meas-
urement. If you notice excessive photobleaching, try with a lower laser power and a corre-
spondingly longer acquisition time. In one-photon systems, you may use a larger pinhole and
thus trade count rate against depth resolution. Even if you have to sacrifice a number of cells
for these experiments the higher number of photons obtained at Iess photobleaching pays off
at the end.

It should aso be taken into regard that the exposure may induce real changes in the protein
conformation in the cells. A possible example is shown in Fig. 307. The images shows a live-
cell sample expressing interacting proteins fused with CFP and Y FP.
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Fig. 307: Two FLIM FRET measurements of the same sample, lifetime images and lifetime histograms. Left:
Initial recording, acquisition time 30 seconds. Right: Second recording, acquisition time 30 seconds, after 90
seconds of total exposure. Insert: Amplitudes and lifetimes of the decay components. Analysis by bh SPCimage,
incomplete decay model with two exponential components

Two-photon excitation at 860 nm was used, the laser power regulator of the microscope was
set to 4%. Thisis apower commonly used in two-photon live cell imaging. Both images were
recorded at the donor emission wavelength. After getting the sample into focus, a 30 seconds
FLIM recording was taken. Then the scanning was continued for another 60 seconds, and an-
other 30 second image was taken. As can be seen from the images, the lifetime (amplitude
weighted lifetime, tm) in the second recording is significantly shorter. The shorter t,, comes
from a larger amplitude and a shorter lifetime of the fast decay component. The slow decay
component remained virtually unchanged. This is exactly what should be expected if the pro-
tein interaction had become stronger. This interpretation may be a bit speculative, but is shows
that real changes in the sample should be considered at |east as a possibility.

Photobleaching, and, possibly, photo-induced changes in the samples, has been a frequent
problem of FRET measurements in early FLIM systems. These systems used PMTs with con-
ventional photocathodes and, in many cases, inefficient ports of the microscopes. In the last
years the photobleaching problem has been reduced by hybrid detectors [50] and highly effi-
cient microscope optics. There is also a continuous development of new photostable fluores-
cent proteins which further reduce photobleaching artefacts [109, 110].

FRET Literature

An enormous amount of FRET papers based on the bh FLIM technigque has been published in
the last few years. An overview about FRET techniques, their applications and the related
pitfalls is given in [358]. A detailed description of a TCSPC-FLIM-FRET system is given in
[122]. The system was used for FRET between ECPF-EY FP and FM1-43 - FM4-64 in cul-
tured neurones. A number of papers give a general characterisation of TCSPC-FLIM FRET
for monitoring protein interactions [71, 97, 98, 280, 326]. A combined FLIM-FRET micro-
scope / endoscope system is described in [140]. The system simultaneously scans FLIM im-
ages through the beam path of an inverted microscope and records fluorescence from the back
of the sample through a fibre bundle. Elder et a. reviewed different methods of FRET signal
normalization and verified them by TCSPC FLIM [124].

A comparison of the accuracy of FRET measurements by different techniques has been given
by Pelet et al. [274]. The authors compared FLIM, spectral imaging, and two-channel intensity
imaging with calibration of excitation and emission crosstalk. For the individual measure-
ments they used identical optical paths, comparable data acquisition times and comparable
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fluorescence intensities. It turned out that the FRET results obtained from the FLIM data had a
three-times smaller standard deviation than those obtained from the dual-channel and spectral
measurements. Sun & Periasamy compared conventional FRET efficiencies obtained by filter-
based FRET measurements with FRET efficiencies obtained by FLIM FRET [340] and found
that additional correction is needed for filter-based measurements.

The construction of FRET standards and their verification by FLIM measurement are de-
scribed in [90, 215]. Although FLIM FRET actually does not need calibration the standards
are required to verify and compare the results obtained by different FRET techniques.

There is a number of FRET applications which are directly related to clinical research [247].
Because FRET yields information about protein interaction it can be used to investigate the
formation - and possible dissolution - of amyloid plaques of Alzheimer’s disease [11, 12, 62,
63, 64, 163, 176, 189, 236, 237, 353]. Mechanisms of Huntington disease (a progressive
neuro-degenerative disorder) were investigated in [136] and [262].

FLIM FRET in synaptic structures has been published by Bosch et al., Fogel et al. and Ueda et
al. [80, 132, 351, 352]. These experiments are difficult because FRET occurs in sub-resolution
volumes of the sample. The effects are therefore difficult to detect, see above, ‘FRET in Dif-
fraction-Limited Spots'. Bosch et a. were not only able to detect protein interaction, they
could even observe the re-organisation of post-synaptic substructures during long-term poten-
tiation by time-series FLIM [80]. Fogel used a combination of intensity FRET measurement,
FLIM FRET measurement, and single-molecule imaging to show that the amyloid precursor
protein homo-dimer constitutes a resynaptic receptor that transduces a signal from amyloid-
beta peptides to glutamate release.

Kelleher et a. demonstrated deep tissue FLIM-FRET in cancer cells and animal models. Two-
photon excitation was used to obtain FRET images from layers as deep as 100 um [197].

Another potential FRET application is the investigation of infection mechanisms. The tech-
nique was demonstrated by Ghukasyan et al. for the infection of Hel a cells with enterovirus
71 [153]. Jeshtadi et al. [186], Danquah et. al. [106] and Cheung et a. [99] used FRET to in-
vestigate interaction of virus proteins with proteins of the host cell. The FRET pair was GFP-
DsRed. The spreading of viruses in plant cells was studies by Amari et a. [5], fungus infec-
tion of plant cellsby Shen et a. [321].

Almost all the FLIM-FRET applications are more or less related to interaction interactions of
various proteins or to protein organisation [2, 3, 4, 1, 69, 71, 77, 81, 80, 119, 132, 138, 139,
142, 149, 159, 184, 187, 193, 199, 201, 218, 221, 238, 239, 240, 242, 261, 264, 275, 287, 295,
308, 312, 318, 319, 330, 346, 360, 372]. Monitoring HIV-1 Protein Oligomerization by FLIM
FRET was described in [288]. Protein interaction studies include detection of enzymatic activ-
ity in neuronal micro-compartments by FRET [370], Na" channels [251], or intracellular
transport mechanisms and membrane trafficking [108, 255, 289]. Rochel et a. used FRET to
study the role of DNA in the spatial organisation of nuclear hormone receptors (NHRs) [298].
Interactions between the PCK and NK«kB signalling pathways have been investigated in [257].
[334] investigated the association of protein kinase C apha (PKCa) with caveolin. FRET be-
tween GFP and RFP and FRET cascades from GFP via Cy3 into Cy5 are demonstrated in
[281] and [1]. The agglutination of red blood cells by monoclonal antibodies was studied us-
ing FRET between Alexa 488 and Dil [296]. Interaction of the neuronal PDZ protein PSD-95
with the potassium channels and SHP-1-target interaction were studied in [69, 71]. Interaction
of aB-crystallin with focal adhesion kinase (FAK) was investigated in by Pereiraet al. [279]
and shown to confer protection to FAK against calpain mediated proteolysis in cardio-
myocytes. It has aso been shown that conformational changes of proteins in cells can be
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monitored by FLIM-FRET [88, 237]. Tynan et a. and Martin-Fernandez used FRET to gain
insight into the structure of the human epidermal growth factor (EGFR) [243, 350]. Mergen-
thaler et a. investigated the function of mitochondrial HKs in different states of metabolic
deprivation during hypoxia and hypoglycemia [250]. A new Ras sensor was developed and
characterised by Oliveiraand Y asuda [ 265].

A variety of papers are devoted to the conformation and interaction of SNARE proteins and
mechanisms modulating their interactions [222, 247, 268, 289, 290, 291, 325, 354]. In [290]
double-exponential FRET was used to distinguish interacting and non-interacting protein frac-
tions. Studies of the interaction dynamics on the millisecond time scale are described in [291].

Ariola et a. used a Bodipy-cholesterol derivate (Bdp-Chol, donor) and Dil-C12 (acceptor) to
probe fluidity and lipid order in cell membranes [7]. They found a reduction in lifetime of the
Bdp-Chol in ordered domain which they attributed to FRET. The results were confirmed by
anisotropy decay measurement.

The influence of shear forces on protein conformation was investigated in [89, 92, 373]. The
authors used a micro-fluidic setup to induce dynamic forces on the cells. The setup was placed
under a microscope and illuminated by a frequency-doubled Titanium-Sapphire laser. The
donor fluorescence was detected by a bh PML-16 multi-wavelength detector with polychro-
mator, and recorded be an SPC-630 TCSPC module. A similar setup was used to study the
influence of oxygen concentration [374]. The Oxygen supply was turned on and off by starting
and stopping the flow in the cell. The oxygen concentration was monitored via the emission
intensity of a phosphorescence probe.

FRET between ECFP and EY FP in plant cells was demonstrated in [78]. FRET measurements
in plant cells can be difficult because of the strong autofluorescence of the plant tissue. The
authors showed that two-photon excitation can be used to keep the autofluorescence signal at
atolerable level. The autofluorescence problem has also been solved by using the GFP Mutant
TSapphire and the DsRed Variant mOrange as FRET donor and acceptor, respectively [17].
Protein interactions upon intrusion of funga pathogens into plant cells were investigated in
[83, 76, 321]. Interactions between Golgi tethering factors and small GTPases was studied by
Osterrieder et al. [267].

There is a continuing search for new FRET pairs with higher photostability, better overlap of
donor emission with acceptor absorption bands, and (important for steady-state FRET tech-
niques) less donor and acceptor bleedthrough. Please see [17, 109, 110, 339] for new fluores-
cent proteins for FLIM FRET and their characterisation. An interesting approach is the use of
a GFP as adonor and adark Y FP as an acceptor [143, 144].

It is also attempted to use quantum dots or combinations of quantum dots (as donors) and
fluorescent proteins [248] or quantum dots and metal-organic complexes [331] as FRET part-
ners. Spectroscopically, quantum dots make excellent FRET donors and acceptors. The photo-
stability is excellent, and amost any absorption and emission wavelength can be obtained.
The drawback is that quantum dots cannot be as easily be linked to target proteins as fluores-
cent proteins can.
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Autofluor escence

Biological tissue contains awide variety of endogenous fluorophores [210, 294, 314, 357]. So
far, autofluorescence measurements of cells and tissue have been performed mostly by spec-
trally resolved imaging techniques. The problem of these techniques is that the emission and
excitation spectra of the endogenous fluorophores are broad and poorly defined. Many of the
fluorophores are mixtures of closely related compounds. The shape of the spectra can there-
fore not be considered constant. Moreover, absorbers present in the tissue may change the
apparent fluorescence spectra. It is therefore difficult to unmix the fluorescence components
by their emission spectra alone. The most serious drawback of purely spectral techniques is
that different binding states of fluorophores cannot be distinguished.

Fluorescence lifetime imaging is likely to improve the contrast of separation of the different
fluorophores. The most important argument for using lifetime imaging is, however, that the
lifetimes of the dominating fluorophores depend on local environment parameters, such as
binding to proteins, pH, or oxygen saturation, and on the binding to proteins. Autofluores-
cence lifetime detection therefore not only adds an additional separation parameter but also
yields direct information about the metabolic state and the microenvironment of the fluoro-
phores [68, 224, 226, 272, 314, 323, 324, 356].

Moreover, autofluorescence imaging has benefits in cases when the reaction of tissue to opti-
cal radiation is to be investigated, such as tumor induction by UV irradiation. Such experi-
ments forbid the use of exogenous fluorophores because energy or electron transfer from the
fluorophores to the proteins can induce unpredictable photoreactions. Moreover, FLIM is cur-
rently being introduced as a clinical diagnostics technique [210, 212, 313, 314]. In these ap-
plications the application of exogenous fluorophoresis normally impossible.

The use of fluorescence-lifetime variations is especially promising for NADH and FAD.
These coenzymes are involved in the electron transfer mechanism of the cell metabolism.
Both NADH and FAD form redox pairs. NADH is fluorescent in its reduced form but loses
fluorescence when oxidised. FAD is fluorescent when oxidised, and loses fluorescence when
reduced. The fluorescence intensities of NADH and FAD therefore change with the redox
state of the tissue [93, 94].

Approximate excitation and emission spectra of NADH and FAD are shown in Fig. 308. The
spectra were taken from [314] and [226]. The figure shows that the best excitation wavelength
for NADH isaround 360 nm.
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Fig. 308: Excitation spectra (one photon) and emission spectra of NADH and FAD. After [314] and [226].

Strong excitation can be achieved by the DCS-120 WB version and a 375-nm laser. Neverthe-
less, sufficient signal can be obtained also with excitation at 405 nm. A possible problem is
that FAD is excitated more efficiently at this wavelength, so that contamination of the NADH
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signal with FAD fluorescence cannot be excluded. Another way is to use two-photon excita-
tion with the DCS-120 MP system. NADH can then be reached by 750 nm excitation wave-
length.

It is known that the fluorescence lifetimes of NADH and FAD depend on the binding to pro-
teins [224, 226, 272]. Unbound NADH has a fluorescence lifetime of about 0.4 ns. When
NADH binds to proteins the lifetime typically increases to about 1.2 ns [226]. However, the
bound-NADH lifetime depends on the proteins, and can reach 4 to 5 ns [226]. For FAD the
effect of binding is opposite: Bound FAD has a lifetime of a few 100 ps, unbound FAD of a
few ns.

An example of an autofluorescence image excited at 405 nm is shown in Fig. 310. The multi-
exponential decay behaviour is clearly visible (see decay curves on the right), and both the
amplitude-weighted lifetime and the intenisty contained in the slow and fast decay component
shows substantial variation over the images.

Fig. 309: Pig skin sample excited at 405 nm, detection from 460 to 500 nm. Double-exponential fit. Left: Ampli-
tude-weighted lifetime. Middle: Intensity ratio of fast and slow decay component. Right: Decay curvesin two

The fact that the NADH and the FAD fluorescence changes with the redox state and the bind-
ing makes it a sensitive indicator of metabolic changes. An excellent overview is given by
Chorvat and Chorvatova [103]. Ghukasyan and Kao [154] have shown that the NADH decay
parameters, in particular amplitudes of the fast and slow lifetime components, are indicators
of physiological and pathological states of the cells. Bird et a. used a similar approach for
metabolic mapping of human breast cells [68]; Skala et al. compared normal and precancerous
epithelia[323, 324].

For autofluorescence imaging it is desirable to acquire fluorescence lifetime information with-
out sacrificing the spectral resolution of the traditional autofluorescence techniques [101, 102,
103]. Autofluorescence FLIM measurements are therefore normally performed with several
detectors or with the MW-FLIM multi-wavelength detector. An example of a spectrally re-
solved autofluorescence FLIM measurement is shown in Fig. 310.

Fig. 310: Multi-wavelength lifetime image of the autofluorescence of human epithelium cells. DCS-120 scanner
with MW-FLIM detector, excitation wavelength 405 nm, detection wavelength 400 nm to 587 nm.
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The images were analysed by a double-exponential model. The lifetimes shown in Fig. 310
are the intensity-weighted average of the decay components of the double-exponential fit. A
binning factor of 5, i.e. binning of 11x11 pixels was used in the analysis. The high binning
factor is justified by the large zoom and the correspondingly large oversampling factor of the
images (see ‘Binning Decay Data', page 229).

As expected, the fluorescence decay profiles of autofluorescence deviate strongly from a sin-
gle-exponential decay. Fig. 311 shows a decay curve from a 20 x 20 pixel areain the centre of
the 450 nm window of Fig. 310.

Fig. 311: Fluorescence decay curve of a20 x 20 pixel areain the centre of the 475 nm window of Fig. 310.

The decay function can be approximated at satisfactory quality by a double-exponential decay
model. It contains a fast component of 229 ps and a slow component of 2.43 ns, with ampli-
tudes of 74.5 % and 25.2 %, respectively. The composition of the decay shown in Fig. 311 is
typical of autofluorescence measurements. It is likely that the fast component originates from
unbound NADH and bound FAD while the slow component comes from bound NADH and
unbound FAD. The large amplitude and the wide spacing of the decay times makes double-
exponential analysis feasible. In fact, a double-exponential model often delivers a more stable
fit of autofluorescence decays than a single-exponential one.

The double-exponential data can be used to obtain images of the relative amplitudes or rela-
tive intensities of the lifetime components. An example is given in Fig. 312. The figure shows
the relative intengities, i.e. the integrals of the photon numbers, contained in the fast lifetime
component.

Fig. 312: Relative intensity contained in the fast decay component

Autofluorescence FLIM is often performed at relatively thick tissue, or even at living organ-
isms. It is therefore a frequently asked question how deep in tissue a confocal FLIM system
can produce useful images. Of course, one-photon confocal FLIM cannot compete with mul-
tiphoton NDD FLIM [23, 26]. Nevertheless, with the base version of the DCS-120 reasonable
images are obtained up to a depth of about 50 pum. Fig. 313 shows a z stack of lifetime images
taken from pig skin. The z step width was 4 pm, the whole stack is 52 pm deep.
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Fig. 313: Z stack FLIM of pig skin, 4um per step. DCS-120 with Zeiss Axio Observer Z1, water C apochromat
63x NA=1.2, excitation 473 nm. Image size 256x256 pixels, 256 time channels.

What can be achieved in practice depends, of course, on the scattering and absorption coeffi-
cients of the tissue. The image quality in deeper layers also depends on the match of the re-
fractive index of the tissue and the refractive index the lens is designed for. The refractive
index of tissue is closer to the refractive index of water than of oil. Therefore water immersion
lenses usually yield better images than oil immersion lenses.

The practical interpretation of fluorescence lifetime autofluorescence data is still subject of
investigation. Full exploitation of multi-wavelength autofluorescence FLIM data would re-
quire a global fit with a suitable model that includes the effective spectra of the expected
fluorophores. The task is extremely difficult because many of the endogenous fluorophores
are in fact mixtures of dlightly different compounds, with different absorption and emission
spectra, and lifetimes [103, 314]. Moreover, there may be absorbers of unknown absorption
spectra, inhomogeneous distribution, and unknown concentration in the tissue. Nevertheless,
there is currently a number of approaches that are likely to solve at least a part of the problem
[101, 102, 103, 284]. Further improvement can probably be achieved by excitation wave-
length multiplexing.

Despite of these difficulties, there is an increasing number of exciting results. Schweitzer et al.
used FLIM to investigate the autofluorescence of the fundus of the human eye in vivo. They
were able to relate the lifetime components of atriple-exponential decay to different anatomic
structures in the retina and the lens [314]. Moreover, they found a close relation of FLIM data
to age-related macula degeneration [313]. Wu & Qu demonstrated that the fluorescence ex-
cited at 405 nm is sensitive to the cellular metabolism. Also here, different fluorescence com-
ponents could be related to different tissue structures [368].

Ghukasyan and Kao [154] have shown that the NADH decay parameters, in particular ampli-
tudes of the fast and slow lifetime components, are indicators of physiological and pathologi-
cal states of the cells. Bird et a. used a similar approach for metabolic mapping of human
breast cells [68], Skala et al. in normal and precancerous epithelia [323, 324]. Kantelhardt et
al. and Leppert et a. found significant lifetime changes in mouse glioma[192, 230].

Konig et. al. used two-photon excitation and single-wavelength FLIM to record depth-
resolved images of human skin [209, 210, 211]. These developments have already resulted in
clinical applications[212, 214], see also bh TCSPC Handbook [55].

Plant Physiology

Plant tissue contains a large number of endogenous fluorophores. In practice the fluorescence
is dominated by the fluorescence of chlorophyll and the fluorescence of flavines. The flavines
emit in a broad range from 480 to more than 600 nm. Chlorophyll is excited at any wave-
length throughout the visible spectrum and emits a strong fluorescence signal around 700 nm.
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Multi-wavelength FLIM images of a moss leaf recorded with the bh multi-spectral FLIM sys-
tem are shown in Fig. 314.

Fig. 314: Multi-spectral FLIM of plant tissue. Moss leaf, DCS-120, excitation at 405 nm, wavelength from
575 nm to 762 nm. Amplitude-weighted mean lifetime of double-exponential fit. Intensity normalised to brightest
pixel of each wavelength interval. Image size 256x256 pixels, 64 time channels, 16 wavelength channels.

The fluorescence of chlorophyll competes with the energy transfer into the photosynthesis
channels. Thus, the fluorescence lifetime is a sensitive indicator of the photosynthesis effi-
ciency. The fluorescence lifetime of the chlorophyll in live plant tissue not only depends on
the state of the tissue but also on the light intensity, and the time of exposure.

The changes in the fluorescence intensity of chlorophyll with the exposure to light have been
found 1931 by Kautsky and Hirsch [195]. The effects have been termed fluorescence induc-
tion, fluorescence transients, or Kautsky effect [160, 161, 245]. When a dark-adapted leaf is
exposed to light the intensity of the chlorophyll fluorescence starts to increase. After a steep
rise the intensity falls again and finally reaches a steady-state level. The rise time is of the or-
der of afew millisecondsto a second, the fall time can be from several seconds to minutes.

The initial rise of the fluorescence intensity is attributed to the progressive closing of reaction
centres in the photosynthesis pathway. Therefore the quenching of the fluorescence by the
photosynthesis decreases with the time of illumination, with a corresponding increase of the
fluorescence intensity. The fluorescence quenching by the photosynthesis pathway is termed
‘photochemical quenching'. The slow decrease of the fluorescence intensity at later times is
termed ‘ non-photochemical quenching’. It is believed that it is a mechanism the plant uses to
protect itself from photodamage.

Both the photochemical and the non-photochemical quenching transients in a single spot of a
leaf can easily be measured by TCSPC [45, 55]. While recording photochemical gquenching
requires repeated triggered accumulation non photochemical quenching can be recorded in
single simple time series of recordings. A non-photochemical fluorescence transient of a leaf
isshown in Fig. 315. From left to right, the behaviour of afresh leaf, afaded leaf, and adried
leaf are shown. The differences between leaves of different health state are striking. In fact,
the differences in the dynamic behaviour of the fluorescence lifetime are much larger than the
differencesin the average (time-integrated) lifetime of the leaf.
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Fig. 315: Sequences of fluorescence decay curves measured at a leaf after start of illumination. Left to right:
Fresh leaf, faded leaf, dried leaf. Time per curve 2 seconds, logarithmic intensity scale. The sequence starts from
the back.

Non-photochemical transients can be measured by recording a conventional FLIM time series
[194], see page 106, by amosaic FLIM time series [34, 335] see page 113, or by FLITS[54],
see page 132. For correct recording of the chlorophyll transient it is important that the FLIM
sequence is obtained from a sample region that has not been exposed to the laser before. If the
fast preview is used to adjust the focus we recommend to shift the sample by a small amount
before the time series is started. When you are ready to start the experiment, start the meas-
urement first, and then the scan. The sequence of actions is essential because the scan turns on
the laser and thus synchronises the start of exposure with the FLIM time series.

A typical result is shown in Fig. 316. The acquisition time per image was 1 second, the image
Size 256 x 256 pixels x 64 time channels.

Fig. 316: Change of the fluorescence lifetime of chlorophyll with time of exposure. Moss leaf, 1-photon excita-
tion at 445 nm, 256x256 pixels. SPC-150 autosave time-series, 1 image per second. Analysed by bh Optispec
data analysis, intensity-weighted lifetime of double-exponential fit, blue to red corresponds to lifetime range from
200 to 400 ps

The illumination by the laser initiated an increase in non-photochemical quenching. The result
is a decrease in the fluorescence lifetime of the chloroplasts which can clearly be seen in Fig.
316.

There are two ways to record a time series as the one shown in Fig. 316. A series can be re-
corded by defining a number of measurement cycles and activating ‘autosave’, ‘each cycle'.
The function is available in any bh TCSPC FLIM module. It works well for moderate image
rate and moderate numbers of pixels and time channels. A faster series, at arate down to afew
100 ms per image, can be recorded by using the ‘continuous flow’ option of the SPC-150 in
combination with the Scan Sync In mode [55, 194]. An example of a continuous flow image
sequence is shown in Fig. 171, page 109.

Multi-wavelength FLIM time series can, in principle, be recorded the same way as a single-
wavelength autosave time-series. However, there are more photons needed to fill 16 wave-
length channels, and the amount of data to be saved is larger. That means that a multi-
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wavelength FLIM series can barely be recorded faster than 1 measurement in 10 seconds. To
obtain multi-wavelength images at a higher rate an 8-channel parallel TCSPC system has been

designed. The system delivered high-quality FLIM datain 8 wavelength channels at arate of 1
measurement in 5 seconds [49].
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