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Preamble 
This PhD project aims at the development and evaluation of microscopy techniques for 

the quantitative detection of molecular interactions and cellular features. The primarily 
investigated techniques are Förster Resonance Energy Transfer imaging and Fluorescence 
Lifetime Imaging Microscopy. These techniques have the capability to quantitatively 
probe the biochemical environment of fluorophores. An automated microscope capable of 
unsupervised operation has been developed that enables the investigation of molecular and 
cellular properties at high throughput levels and the analysis of cellular heterogeneity. 
State-of-the-art Förster Resonance Energy Transfer imaging, Fluorescence Lifetime 
Imaging Microscopy, Confocal Laser Scanning Microscopy and the newly developed 
tools have been combined with cellular and molecular biology techniques for the 
investigation of protein-protein interactions, oligomerization and post-translational 
modifications of α-Synuclein and Tau, two proteins involved in Parkinson’s and 
Alzheimer’s disease, respectively. 

 
The high inter-disciplinarity of this project required the merging of the expertise of both 

the Molecular Biophysics Group at the Debye Institute - Utrecht University and the Cell 
Biophysics Group at the European Neuroscience Institute – Göttingen University. This 
project was conducted also with the support and the collaboration of the Center for the 
Molecular Physiology of the Brain (Göttingen), particularly with the groups associated 
with the “Molecular Quantitative Microscopy” and “Parkinson’s Disease and 
Aggregopathies” areas. 

 
This work demonstrates that molecular and cellular quantitative microscopy can be 

used in combination with high-throughput screening as a powerful tool for the 
investigation of the molecular mechanisms of complex biological phenomena like those 
occurring in neurodegenerative diseases. 

 
  



INTRODUCTION 

 1 

Chapter 1 - Introduction 

General introduction 
Förster Resonance Energy Transfer (FRET) is the non-radiative transfer of energy 

between a donor fluorophore and an acceptor chromophore (see FRET section for a 
detailed description). Typically, FRET occurs at intermolecular distances shorter than 10 
nm, i.e. distances comparable with the dimensions of biological macromolecules. 
Therefore, FRET imaging can be used to resolve events that occur at the molecular scale, 
e.g. protein-protein interactions and conformational changes. Fluorescence Lifetime 
Imaging Microscopy (FLIM) allows the quantitative detection of the excited state lifetime 
of fluorophores (see FLIM section for a detailed description). Because FRET reduces the 
lifetime of the donor fluorophore proportionally to the energy transfer efficiency, FLIM 
can be used for the quantitative detection of FRET. Furthermore, many fluorophores 
exhibit fluorescence lifetimes that depend on their biochemical environment, e.g. pH, ion 
concentration and oxygen content. Therefore, FRET imaging and FLIM, combined with 
the many available fluorescent probe molecules (see Bunt et al., 2004 for a thorough 
review), enables the quantitative mapping of cellular biochemistry. Lifetime sensing is 
also used in material sciences and other branches of physics like photonic crystal research. 
However, this PhD dissertation is focussed on aspects more relevant for biological and 
biophysical applications. 

Microscopy provides spatio-temporal information that allows the quantification of 
morphological features, spatial localization, and temporal responses that are initiated by 
biochemical or mechanical stimuli. Frequently, when microscopy is used for the 
investigation of biological models, the heterogeneity at both the cellular and molecular 
level cannot be neglected. A biological process is usually the result of many cooperating 
molecules; hundreds of proteins can be intimately involved in a biological phenomenon. 
Furthermore, heterogeneity in the cellular metabolism, cell cycle, or differences between 
cell types, can increase the heterogeneity of the response observed in an experiment. In 
fact, more accurate and quantitative experimental tools may benefit from higher 
throughput to describe the results with statistical relevance. Therefore, the wealth of 
information provided by quantitative microscopy can be proficiently exploited by higher 
throughputs and cell profiling. 

 
Proteomics is a recently defined discipline which relies on the identification and 

analysis of the many protein ensembles (the proteomes) expressed by a cell or an 
organism. Similarly, cellomics studies the diverse cellular states and types that constitute a 
biological sample. 

The aims of proteomics are the identification, the quantification, the determination of 
the structure, the characterization of post-translational modifications of all the proteins, 
and the study of their protein-protein interactions. The sub-discipline that studies protein-
protein interactions is called interactomics. The human interactome is the ensemble of 
entire interaction networks and its determination is an insurmountable challenge for 
current methods and technologies. The human genome comprises ~25’000 genes, whose 
large majority codes for proteins. However, the entire human proteome accounts for 
~400’000 proteins. This discrepancy is explained by alternative splicing of RNA and post-
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translational modifications. On the other hand, the proteome of a human cell, i.e. the 
proteins actually expressed at a specific moment, is smaller (probably ~30% of the total). 
Dissimilar to the genome, the proteome is a dynamic entity whose constitutive elements 
are continuously changing with respect to cell cycle and environmental stimuli. Because a 
proteome defines the state of a cell and the cellular type, cellomics studies the cellular 
phenotype of a proteome. In other words, cellomics studies, at the cellular level, what 
proteomics investigates at the molecular level. 

 
Proteomics mainly relies on biochemical separation and identification methods and 

mass spectroscopy. Their combination enables the separation and identification of the 
proteome of an entire organism, a tissue or an organ, a cell, or a sub-proteome localized in 
a specific cell fraction or organelle. Biochemistry further allows the study of protein-
protein interactions. However, yeast-two-hybrid screening is one of the few techniques 
that provides a sufficiently high throughput to study interactomics. The very first studies 
in interactomics were carried out using such assays. Nevertheless, two-hybrid data has to 
be validated and cross-referenced with other techniques because frequently a high amount 
of false positive interactions are observed. One of the main challenges in proteomics is to 
increase the throughput of other techniques which could be useful for the validation or the 
cross-referencing of two-hybrid data. At the moment, screening instrumentation has been 
developed to perform more than 100’000 assays per day in microliter volumes. This is at 
present the standard speed for ultra high-throughput screening. 

 
Cellomics relies on multi-parametric quantitative methods and cell profiling. Flow 

cytometry and Fluorescence Activated Cell Sorting are the leading high throughput 
technologies in this field. In this case, the challenge is to provide more information about 
the sample, i.e. to develop instrumentation for high-content screening. Automated imaging 
platforms are therefore the current primary technological confront in cellomics. 

 
FRET imaging can be optimized and automated to enable large-scale screening of 

protein-protein interaction networks. The unsupervised operation of an automated FLIM 
system and data mining analysis combines the high information content of quantitative 
imaging with the high-throughput of automation. Therefore, we pursued the development 
of an unsupervised FLIM screening platform. Unfortunately, FLIM requires expensive 
instrumentation and specialized know-how to be operated. Therefore, the high economical 
and human costs associated with this technique are not compatible with the adoption of 
such screening platforms on a large scale.  

 
All-solid-state technologies are rapidly diffusing in the microscopy field. Laser diodes, 

for instance, are routinely used in microscopy. Inexpensive light emitting diodes have also 
recently been used. These light sources can provide modulated or pulsed excitation, 
suitable for time-resolved detection. Charged-coupled devices (CCD) and complementary 
metal oxide semiconductor (CMOS) cameras are extensively used in microscopy, 
however, such detectors are not fast enough for reliable lifetime sensing in the nanosecond 
region. Fast solid-state detectors are available for use in laser scanning microscopes 
(LSM), e.g. (single photon counting) avalanche photo diodes (APD). However, the 
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comparatively high cost and low acquisition speed of LSMs do not allow the development 
of LSM-based high-throughput FLIM systems.  

 
This PhD dissertation demonstrates that unsupervised fluorescence lifetime 

imaging can provide both high-throughput and information-content by the 
combination of automation and quantitative imaging. This novel methodology could 
offer a solution to the current challenges in proteomics and cellomics. Unit 2 
describes the technological developments that resulted in: the establishment of an 
unsupervised FLIM screening platform (chapter 5) and the development of novel all-
solid-state technologies capable of fast lifetime sensing (chapter 6 and chapter 7). The 
integration of the unsupervised FLIM in a cost-effective, compact turnkey system could 
be a first step in the direction of large-scale protein-protein interaction screening. The 
spreading of simple and comparatively cheap technologies could make a substantial 
contribution to interactomics, proteomics and cellomics in the same way that cost-
effective and user-friendly instrumentation favoured the success of the human genome 
project. Furthermore, all-solid-state FLIM technology could broaden the application of 
FLIM among the medical community, where FLIM can be used for diagnostic and 
histopathological purposes. 

 
The methods and techniques developed here have their own limitations. Single-

frequency frequency-domain lifetime detection possesses high-throughput at the cost of a 
lower photon-economy and information content, i.e. not all the collected photons are used 
efficiently and multiple lifetimes are not resolved. Unit 1 describes the theoretical 
frameworks whose development was necessary to lift those restrictions (chapter 2 and 
chapter 3, respectively). Chapter 3 describes non linear effects present in the 
photophysics of the FRET pair: FRET incompetent fraction, FRET frustration, and 
sensitized acceptor photobleaching. A novel theoretical work on FRET quantification by 
molecular cross-correlation is also presented. 

Unit 3 (chapter 8) describes biological applications of quantitative imaging techniques. 
The developed technologies have been used in combination with confocal microscopy, 
multi-photon imaging and conventional FLIM systems, for the study of the molecular 
mechanisms of neurodegenerative diseases like Parkinson’s (PD) and Alzheimer’s disease 
(AD). The focus of this thesis was on α-synuclein and its possible interactions with the 
cytoskeleton. α-Synuclein is a relatively small and natively unfolded protein whose 
function is not yet fully characterized. Particularly, the interaction between α-synuclein 
and the tau protein, a protein directly involved in Alzheimer’s disease and hereditary 
tauopathies, was studied. Furthermore, the unsupervised FLIM was used to assess the 
ubiquitination of α-synuclein, a post-translational modification that mediates protein 
sorting and could target substrates for proteasomal degradation. Differences between wild-
type α-synuclein and mutants causative for a familial form of Parkinson’s disease are 
described. 

 
In summary, this thesis deals with technological and theoretical challenges that limited 

the adaptation of state-of-the-art FRET methods and technologies for large-scale protein-
protein interaction screening. A FLIM screening platform and an all-solid-state FLIM 
operating at video-rate are described. The photon-economy and the information content of 
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the adopted techniques are investigated and optimization strategies are proposed. The 
theoretical foundation for a new alternative microscopic technique based on the cross-
correlation at the molecular level is also presented. Finally, state-of-the-art and newly 
developed tools of molecular biology and fluorescence lifetime imaging microscopy were 
combined for the investigation of the molecular physiology of two of the most prevalent 
neurodegenerative diseases. 

In the near future, the all-solid-state FLIM will be integrated with the unsupervised 
screening platform. The prototyping of such an advanced but simple and cost-effective 
system could start the diffusion of this technology into the life sciences, the medical and 
the drug screening communities. Furthermore, the investigation of the molecular basis of 
α-synucleinopathies will be continued. Here, the working hypothesis is that α-Synuclein is 
an adapter protein whose main function is to increase the affinity of its interactome for 
lipid membranes. 

 
Fluorescence Lifetime Imaging Microscopy and Förster resonance 

Energy Transfer 
Nowadays, fluorescence microscopy plays a central role in the fields of biology, 

biophysics and in the life sciences in general. Its utility for imaging tissues, subcellular 
compartments and even single molecules with high contrast is expanded by the possibility 
to investigate different properties of fluorescence like intensity, polarization, lifetime and 
other spectroscopic parameters. Fluorescence lifetime in particular is a molecular property 
that offers a clearer fluorophore signature than intensity spectra and that contains 
information on the local molecular environment and chromophore photophysics of 
fluorescent labels. For these reasons, FLIM is used to enhance the image contrast of 
biological samples and to study molecular interactions of fluorescently labelled 
biomolecules by FRET. FRET is a photophysical phenomenon that allows the 
investigation of biochemical reactions in living cells. Under physiological conditions, 
FRET occurs exclusively between interacting molecules labelled with suitable fluorescent 
dyes with proper optical characteristics.  

FRET imaged by FLIM exhibits the normal diffraction limited spatial resolution offered 
by the light microscopical system used, but it maps interaction events that are on the 10-
100Å scale. Fluorescence microscopy flourished in the last decade with the advent of 
different detection techniques and the discovery of the green fluorescent protein and its 
different spectral variants. FRET imaging by FLIM contributed to the recent increase in 
sensing possibilities in cells.   

FLIM – fluorescence lifetime imaging microscopy 
Fluorescence emission is a property of molecules that can absorb photons and re-emit 

the accepted energy as photons with lower energy, i.e. at higher wavelengths. This process 
is described by the energy level (Jabłońksy) diagram presented in Figure 1. Thicker 
horizontal lines represent different electronic energy levels with their associated 
vibrational states (thinner lines). These are ordered with energy increasing from the 
bottom to the top of the graph. Transitions are plotted with straight lines for radiative 
processes and with wavy lines for non-radiative phenomena. 
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Only considering the ground state, the first two excited states and the first triplet state, 
the number of possible transitions between different electronic states is quite various:  

photon absorption: S0 S1, S1 S2, S0 S2 
radiative de-excitation between singlet states (fluorescence processes) 
non radiative de-excitations (quenching) 
radiative transition T1 S0 (phosphorescence) 
 
Each transition is associated with a rate constant, a molecular property that, in general, 

can be perturbed by the environment. In fluorescence microscopy we are usually 
interested in the fluorescence transition S1 S0.  

The excited state S1 has a defined lifetime which depends on the rate constants of the 
different de-excitation pathways. After a photon is absorbed a fluorescence photon is 
emitted with a certain delay. One definition of lifetime is therefore the average time that a 
molecule spends in its excited state. 

With average time is meant that the time decay is stochastic and follows a distribution 
that in general is exponential: 

(Eq.1)   ( ) τ

τ

t

etp
−

=
1

  

The exponential decay constant τ of this probability distribution p(t) also represents the 
lifetime and it is easy to find that the two definitions match when one considers the 
average lifetime. 

 

Figure 1. Typical depiction of fluorochrome photophysics (Jabłońksy diagram). 
Plotted are the first three singlet and the first triplet electronic states (more detailed 
description can be found in the text). Top inset: simplified Jabłońksy diagram, with 
photon absorption (KEX), fluorescence (KF) and internal conversion (KQ, 
quenching) transitions indicated. Straight lines represent radiative transitions, 
wavy lines indicate non-radiative transitions. 



INTRODUCTION 

 6 

The lifetime depends on the equilibrium of the different rate constants: 

(Eq. 2)   
NRF KK +

=
1τ  

where KF is the rate of photon emission, while KNR is the rate of non-radiative de-
excitation that could represent collisional quenching and/or energy transfer. An increase of 
these non-radiative processes due to interaction with the environment thus reduces the 
lifetime of a fluorophore that could be used by FLIM to probe these environmental 
influences. If the interactions with the environment are negligible or invariant, the lifetime 
represents a more reliable marker for a fluorescent species than its spectra. In fact, 
lifetimes distributions are considerably narrower than intensity spectra.  

 
FLIM has been used successfully for the separation of different fluorophores in 

multiple-stained samples (Pepperkok et al., 1999; Neher and Neher, 2004), to map 
endogenous autofluorescent cellular metabolites like NADH (Lakowicz et al., 1992) or to 
measure ratiometric probes like the high-affinity calcium indicator dye Indo-1 
(Szmacinski et al., 1993). FLIM, performed on tissues, presents a growing and interesting 
diagnostic tool in the medical sciences (Tadrous et al., 2003). A recent investigation 
(Eliceiri et al., 2003) using FLIM on tissues stained with conventional histological dyes 
also demonstrated improved contrast and information content. Also, lifetime sensing has 
been recently applied for drug screening and, more in general, for high throughput 
applications (Eggeling et al., 2003). In general, this thesis work developed on the 
technological and methodological challenges of the high-throughput and high-content 
screening by lifetime sensing. 

FRET – Förster resonance energy transfer 
FRET is the phenomenon by which a donor fluorochrome transfers energy to an 

acceptor molecule in a non-radiative manner (Förster, 1967; Clegg, 1996). This 
phenomenon can be better understood by a quantum physical mode; on the other hand, it 
is easier explained by the classical concept of coulombic dipole-dipole interactions, 
although without emission and consequent re-absorption of a real photon.  

The simplified Jabłońksy diagram in Figure 2 presents the transitions between the 
donor and acceptor ground and excited states. The energy transfer transition is given by: 

( ) ( )AdaD
ETK

,, →  

where D, A denotes excited states and d, a the ground states of donor and acceptor 
respectively. We can consider the donor-acceptor pair as a system with four quantum 
states (Figure 2):  

1) da, both donor and acceptor are in the ground state; 
2) Da, only the donor is excited; 
3) DA, both donor and acceptor are excited; 
4) dA, only the acceptor is excited. 
The presented formalism will be thoroughly described in the appendix to this 

dissertation, where more complex aspects of a FRET pair photophysics will be reviewed. 
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Figure 2 - Four-state transition diagram. The simplified energy level diagram 
(right) illustrates the transitions between ground and excited state of donor (D) and 
acceptor (A) fluorophores. The donor-acceptor pair can be considered as a unique 
photophysical system with four states (left) in which the diagonal radiation-less 
transition represents energy transfer. Small letters indicate the ground state, 
capitals indicate the excited state. 

The energy or excitation transfer (ET) transition adds a de-excitation pathway to the 
single fluorochrome diagram (Figure 1 inset, 2) and hence reduces the lifetime of the 
donor excited state in accordance with equation 2, as it increases the probability per time 
unit of excited state depopulation.  The quantum yield of this transition is called the FRET 
efficiency (ε). When the FRET efficiency is maximal (100%), i.e. when KET is very much 
greater than the other rate constants, all absorbed energy is transferred from the donor to 
the acceptor.  

FRET is often called fluorescence resonance energy transfer. Because this name is 
ambiguous and could lead to the assumption that there is emission of a fluorescence 
photon by the donor or that the acceptor should be a fluorescent molecule, it is preferable 
to associate the first letter with the name Förster, the discoverer of this phenomenon. For 
the same reason, FRET is also referred to simply as RET or ET (energy transfer or 
excitation transfer) in literature. 

One of the most interesting aspects of ET is its extreme dependence on the 
intermolecular distance. An ET event occurs typically between distances of 10-100Å, in 
the order of magnitude of protein size. Molar concentrations are required to reach these 
intermolecular distances in the absence of a specific interaction mechanism, a meaningless 
range under physiological conditions. This implies that if two molecules undergo FRET in 
a biological system, they are also interacting. The second interesting aspect is that the 
FRET efficiency falls with the sixth power of the intermolecular distance ( 

Figure 3): 

(Eq. 3)   66
0

6
0

4

2
6
06

6
0 ;;1

RR
R

JQ
n

R
R
R

K D
D

ET +
=== εκ

τ
 

Equation 3 illustrates some of the parameters of interest. R0 is called the critical or 
Förster distance (or Förster radius). This parameter is a property of the FRET pair and is 
linked to the overlap integral J of the donor emission and acceptor absorption spectra, the 
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donor quantum efficiency QD, the refractive index of the medium n and an orientational 
factor κ. R0 is the distance at which the two molecules transfer energy with 50% 
efficiency. The sixth-power dependence of FRET on fluorophore separation distance 
causes FRET to sense only short (<10 nm) distance interactions which diminishes the 
possibility for false positive detection of interactions. It also allows high sensitivity for 
intermolecular distance variations over a scale of a couple of nanometers where the 
efficiency goes from all to none. 

 
κ is an orientational parameter whose most common definition is: 

(Eq. 4)   ( )22 coscos3cos ADT θθθκ −=  

 As represented in figure 3, θT, θD and θA are the angles between donor-acceptor dipole 
moments, the donor dipole moment-intermolecular distance vector and the acceptor dipole 
moment-intermolecular distance vector. Another useful definition is: 

(Eq. 5)   ( )Dθωκ 222 cos31cos +=  

in which ω is the angle between the acceptor dipole moment and the electric field 
originating from the donor transition moment. This second relation illustrates that the 
FRET efficiency depends on two angular degrees of freedom and an intermolecular 
distance degree of freedom. κ2 assumes a maximum value of 4 only when the donor and 
acceptor dipoles and the intermolecular distance vector are parallel or antiparallel as 
shown in table 1. This happens when the acceptor transition dipole is parallel or 
antiparallel (ω=0, π) to the donor electrical field. κ2 assumes the minimum value of zero 
in more configurations, namely when these two vectors are orthogonal (ω=π/2, 3π/2) and 
at least one is perpendicular to the intermolecular distance vector. For this reason, the 
relative orientation of two fluorophores plays a crucial role in the yield of energy transfer.  

 
A complete description of this aspect of ET is given by Lakowicz (1999) and 

Andres&Demidov (van der Meer B.W., 1999). The latter work shows that the probability 
to obtain a maximum value for κ2 is almost negligible compared to other, lower, values. In 
any case, the probability on a particular value of κ2 decreases with increasing values. The 
FRET efficiency between two rigidly connected chromophores will most probably be 
reduced by an unfavourable orientation of the two dipole moments. κ2 is equal to 2/3 
when complete rotational freedom between the two molecules can be assumed. This might 
hold true for small conjugated organic fluorophores, but is likely not the case for genetic 
fusions with the VFPs. In this case, the chromophore mobility is restricted inside the β-
barrel of the VFP structure and the VFPs themselves are likely to bury into the surface of 
the fused protein. The orientation factor must therefore be optimised in the design of 
FRET-based biosensors by linker mutagenesis strategies to avoid the most probable but 
less optimal relative donor-acceptor orientation outcome. In fact, a colleague of the Cell 
Biophysics Group at the European Neuroscience Institute developed a standardized 
method for the optimization of the linker (“Linear Extensions for Good Orientation 
(LEGO)”, M. Mitkovski et al., unpublished work). 
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Another important parameter is the refractive index of the medium. The energy transfer 
efficiency depends on the inverse of the fourth power of the refractive index. Some 
problems can arise when changing the mounting medium or buffer solution. Mounting 
cells in mowiol or glycerol, for example, causes an increase of the refractive index up to 
1.48-1.49, which is considerably higher than the refractive index of the cytoplasm which 
is estimated to be 1.38.  At very low FRET efficiency, this can cause a significant 
reduction of the energy transfer. The possible effect of the refractive index should be 
considered critically under experimental conditions where the refractive index is varied 
over a broader range.  

 

Figure 3. Spatial degrees of freedom in a FRET pair. The energy transfer 
phenomenon is a dipole-dipole interaction that depends on the intermolecular 
distance (R) and on the relative orientation of the two molecular dipole moments.  
The FRET efficiency increases with the sixth power of the intermolecular distance 
(left graph). The Förster radius, the distance at which the donor transfers energy to 
the acceptor with 50% efficiency, is a characteristic of the pair. Two interacting 
molecules are depicted (bottom-right) with their electrical dipole moment and the 
intermolecular distance vectors. The angle definitions of the three vectors are 
drawn in the upper-right scheme. Π indicates the plane defined by the different 
vectors and θ represents the angles (defined in the text) that are most commonly 
used as coordinates for the orientational factors. 

Theory: Energy transfer, energy migration and lifetimes 
Energy migration (EM) is the radiative migration of energy between molecules, i.e. the 

re-absorption of emitted photons. This phenomenon could dominate over longer distances 
where EM is relevant because it only falls with the second power of the intermolecular 
distance. Although we can consider EM as a distinct phenomenon, there are theoretical 
frameworks in which the two processes are explained as different manifestations of the 
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same phenomenon (Juzeliūnas and Andrews, 1999). As only the non-radiative energy 
transfer couples the donor-acceptor photophysics such that the donor lifetime is reduced, 
EM does not affect FLIM-based FRET measurements. In respect of spectral bleed-through 
and EM, FLIM is more robust than both ratiometric sensitized emission and polarization 
imaging of the sensitized emission. 

Therefore, a lifetime map obtained by fluorescence lifetime imaging microscopy 
reliably represents the distribution of Förster resonance energy transfer. By application of 
equation 2 and 3, a quantitative FRET image can be retrieved from the following relation: 

(Eq. 6)   
0

1
τ
τε −=  

in which τ is the observed reduced lifetime of the donor while τ0 is the lifetime in 
absence of FRET that, as we reported before, is a donor property. 

Time and Frequency Domain (TD/FD) FLIM  
Fluorescence lifetime imaging microscopes are classified in two main categories 

depending on the detection technique used. Time domain FLIM uses a pulsed light source 
and detects the time decay distribution of the emitted fluorescence. Frequency domain 
FLIM typically uses sinusoidally modulated excitation light and senses the lifetime-
dependent demodulation and phase-delay of the emission signal. Pulsed excitation can 
also be applied in the frequency-domain. Both kinds of detections can be implemented on 
wide-field or scanning microscopes, but nowadays the most commons setups are wide-
field FD-FLIM and laser-scanning TD-FLIM. This work relied on the developing and use 
of both systems. 

TD-FLIM: 
A pulse of light is required to time-resolve the sample lifetime. This pulse causes the 

transient population of the fluorophore’s first excited state and the detectors will follow 
the decay distribution of the emitted fluorescence. Pulsed lasers with pulse widths in the 
pico- or femtosecond range are the best light sources for the time-domain. These lasers 
provide delta-like excitation, causing the time response of the system to depend primarily 
on the fluorescence characteristic of the fluorophore and from the timing properties of 
detectors. A typical TD-FLIM takes advantage of a Ti:Sapphire pulsed laser usually 
employed for two-photon (TP) microscopy. The TP excitation regime can be used 
conveniently to generate lifetime images with the optical sectioning capabilities and the 
typical resolution of this technique. Single-photon excitation (SP) is usually achieved by 
regeneration of the near infrared (NIR) Ti:Sapphire emission using crystals that double the 
light frequency by second harmonic generation. Nowadays, picosecond solid-state lasers 
are also available that allow a simpler setup to be built and that eliminate the need for 
expensive, yet more flexible tuneable lasers like those used for TP excitation. 

 
Time-correlated single photon counting (TCSPC) and time-gated single photon 

counting (TGSPC) are the two most frequently used techniques for time-domain detection. 
TCSPC (O’Connor et al., 1984; Becker et al., 2004) detects the time-delay between a 
single laser pulse and the first photon emitted from the sample. The presence of detector 
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dead-time prevents the detection of photons that are emitted promptly which can cause a 
loss of detectable signal at high emission rates. A time-correlated system builds the 
distribution of arrival times from the first emitted photon per pulse from which, through 
pixel-by-pixel fitting routines, a lifetime image is retrieved. Usually the reversed start-stop 
configuration is applied with high repetition rate pulses. In this case the time-delay 
between a detected photon and the next laser pulse is measured to avoid pulse-pileup. 
Time-gated detectors perform single photon counting by integration of fluorescent signals 
in two (Wang et al., 1991; Buurman et al., 1992; van der Oord et al., 2001) or more time 
windows (de Grauw and Gerritsen, 2001). They collect almost all the photons that emerge 
from the sample and can be gated after a sub-nanosecond initial delay to suppress the 
contribution of short-lifetime background signals to the measurement. Data collected in 
two windows can be simply analysed according to equation 7 to obtain an average lifetime 
estimator without the need for time-consuming and computationally expensive fitting 
procedures. Gating systems with multiple time windows can also resolve multi-
exponential decays. 

 
A common TD setup consists of a scanning laser because the most suitable detectors 

capable of retrieving the fast decay distributions are point-detectors like PMTs, MCP-
PMTs and SPADs. The laser beam is scanned over the sample and the sub-nanosecond 
light pulses transiently populate the fluorophores which immediately relax to the ground 
state with a time decay distribution that is typical for the fluorophore. The distribution of 
the decay times is sampled at each pixel location. 

A TD-CLSM has some advantages over the TD-TPLSM FLIM configuration. In fact a 
confocal microscope exhibits higher resolution and it allows the adaptation of the pinhole, 
i.e. allows better compromises between resolution and acquisition speed. Furthermore, SP 
excitation exhibits a clear advantage over TP as the absorption spectra of the latter are 
considerably broader. In fact, the possibility to excite multiple fluorophores 
simultaneously in a sample by TP excitation is usually an advantage (Esposito et al., 
2004), but could present a limitation in FRET measurements because direct excitation of 
the acceptor should generally be avoided. In any case, if sectioning is required or when 
lifetime detection is used for contrast enhancement between different fluorophores, 
TPLSM regains its advantages.  

 
Wide-Field TD setups have also been developed (Wang et al., 1991; Siegel et al., 

2001b; Webb et al., 2002). Their major advantage is the possibility of fast video-rate 
imaging. The classical TD wild-field FLIM is built around a multi-channel plate with 
gated sampling of the decay fluorescence intensities at defined time-delays. A minimum 
of two images acquired at different time-delay are needed to retrieve a lifetime image. 
Recently, a more efficient wide-field gated system has been developed in our laboratories 
at the Molecular Biophysics Group (Agronskaia et al., 2003). Two time-delayed images of 
the sample are projected side-by-side onto the same MCP. The emitted fluorescence is 
split into two separate optical paths with different length, corrected for different 
magnification factors and focussed on the gated device. The two recorded images can be 
spatially matched and their ratio is a good lifetime estimator for mono-exponential decays. 
The rapid lifetime determination (Ballew and Demas, 1989) formula (RLD) can be used to 
retrieve the sample lifetime: 
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(Eq. 7)    
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where I0, I1 are the non-delayed and the delayed image respectively, and ∆τ is the 
gating time width. This is the same formalism that is also used for two-window time-gated 
scanning microscopes. This wide-field setup reached a maximum acquisition speed of 100 
Hz, compared to the other systems where the speed seems to be limited to 1 Hz. The use 
of a four-quadrant MCP was recently reported (Elson et al., 2004). In this case, 4 images 
are simultaneously acquired at different time delays, by splitting the fluorescence on 4 
different MCP areas that are controlled by gating electronic signals triggered at different 
time.  These systems are allowing fast imaging. For instance, high frame-rates are required 
for calcium imaging, enabling the eventual integration with electrophysiological data, and 
medical diagnostic. 

FD-FLIM: 
A frequency domain microscope commonly uses a sinusoidally modulated light source 

whose intensity is described by the following equation: 

(Eq. 8)   ( )[ ]000 cos1 ϕω ++= tmII  

where I0 is the average light intensity, m the modulation depth,  ω the circular 
frequency and ϕ0 a relative phase bias. The donor emission follows this sine wave but, if 
the periodicity is in a time scale comparable to the donor lifetime, the emitted 
fluorescence is demodulated and delayed by the finite lifetime itself. It is possible to 
determine these two quantities, after the proper calibration of the system. This is 
commonly carried out by the imaging of samples with a well-characterized fluorescence 
lifetime, or by the use of reflectors. Demodulation and phase-delay of the fluorescence 
emission are linked to the sample lifetimes: 

(Eq. 9)   ( )ωτϕ
τω

arctan
1

1
22 =

+
=m  

Because the typical biologically interesting fluorescent probes exhibit nanosecond 
lifetimes, the excitation intensity is modulated at several tens of megahertz. This is 
achieved by the use of acousto-optic modulators (AOM), transparent crystals in which an 
ultrasonic wave-field creates a refraction index grid (Piston et al., 1989). A coherent beam 
passing through such a crystal is diffracted and the first order diffraction spot is almost 
completely modulated.  Pulsed light sources can also be used in the frequency-domain 
(Gratton et al., 2003) 

 
The most common setup for frequency–domain imaging is based on a wide-field 

microscope. The coherence of the modulated laser beam is removed by a spinning ground-
glass disc or a continuously vibrated optical fiber to suppress speckle noise and then 
expanded on the input port of a conventional fluorescent microscope.  
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In order to detect the demodulation and phase delay of the fluorescence emission, the 
fluorescence signal is cross-correlated with the excitation signal by homodyning or 
heterodyning techniques (Spencer and Weber, 1969; Gadella et al., 1994). See also 
Lakowicz, 1999. These devices are the multi-channel plates that are also used for gating in 
wide-field time-domain implementations. They can be gated to less than 100 ps, which is 
more than sufficient for typical systems that are operated in the 50-100 MHz region. The 
fluorescence photons impinge onto the photocathode of the MCP and generate 
photoelectrons. The probability that a photon is detected, i.e. that a photoelectron is 
emitted, is proportional to the voltage on the photocathode. This is modulated with 
voltages proportional to the excitation signal to achieve cross-correlation in the 
homodyning technique. The number of photoelectrons is subsequently amplified and 
imaged onto a phosphor screen. The response of the former is slow (ms) and integrates the 
signal. The resulting image is projected onto a CCD camera. The MCP-CCD ensemble 
behaves as a phase-sensitive camera (Lakowicz and Berndt, 1991). If the frequency of the 
gain-modulation is different from the modulated excitation, cross-correlation is performed 
in the heterodyning mode. Here, the phase-shift and modulation are transferred to a signal 
at the frequency equal to the difference of the two modulation signal in use. This low-
frequency signal passes through the low-pass filter (slow response) phosphor screen, to be 
sampled by a CCD camera in time. In the homodyning technique, several images are 
acquired at different relative phase-delays injected into the MCP gain. This stack of phase 
images is compared with the reference measurement and then analyzed by a pixel-by-pixel 
Fourier analyses algorithm or sine function fitting routines. The demodulation and phase-
lag maps are inverted to get the two lifetime estimations.   

 
The intensity-modulated multiple-wavelength scanning (IMS) microscopy technique is 

equivalent to the use of phase-fluorimeters that rely on lock-in amplification. Lifetime 
imaging by IMS has been reported (Carlsson and Liljeborg, 1998). The main parts of the 
system are a lock-in amplifier and a scanning-head. Scanning is performed at a frequency 
that is typically several orders of magnitude slower than the frequency of the modulated 
light. Therefore, the lock-in amplifier sees the scanning mirrors of the microscope frozen 
in time, enabling it to perform the lifetime estimation. This adaptation of phase-
fluorimetry for use in microscopy, although interesting, did not find considerable 
application in the literature. Other applications made use of a gain-modulated PMT 
connected with a confocal scanning head (Gratton et al., 2003), or even of mobile-phones 
electronics (Booth et al., 2004) for lifetime imaging in the frequency-domain. 

Chapters 6 and 7 will present a new technological development that combines the high 
speed of wide-field detection with the simplicity and cost-efficiency of all-solid-state 
technologies. 

Other FLIM techniques 
In the recent years, several new FLIM techniques were designed. φFLIM (Van Munster 

et al., 2004) is a modified FD-FLIM setup where one of the two signal generators is 
phase-modulated and a different acquisition protocol is adopted. In this setup, the steady-
state, cosine and sine transforms that are required for Fourier analysis are directly grabbed 
rather than measuring an image phase-stack. This speeds up the standard FD-FLIM 
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method and avoids systematic errors that could occur when only a few images are 
acquired per phase-stack.  

Also, a standard FD-FLIM setup can be modified by the use of polarized excitation 
light and detection through parallel or orthogonal polarisation analysers. This technique 
(rFLIM, Clayton et al., 2002) allows the determination of rotational correlation time and 
fluorochrome lifetime on a pixel-by-pixel basis. rFLIM provides access to information on 
the environment of the fluorochrome and allows the detection of homoFRET, i.e. energy 
transfer between two spectrally identical fluorochromes. In fact, the energy transfer is 
accompanied with a strong depolarization, mainly caused by the different relative 
orientations of the two homo-transferring fluorescent molecules.  

A standard TD-FLIM can be modified with the addition of a second TCSPC detector 
spectrally separated from the first one. The two acquisitions can be used to determine both 
lifetime and a spectral maximum estimator at each sample location. This technique 
(sFLIM) has been successfully used for the detection of single RNA molecules in living 
cells (Knemeyer et al., 2003).   

A FD-FLIM can be operated with more than one AOM, injecting more than one 
harmonic component in the fluorescence signal. This system called multi-frequency FLIM 
or mfFLIM has been developed (Squire et al., 2000) to resolve multi-lifetime samples 
without the need for sequential lifetime images taken at different modulation frequencies.  
The same investigation can be performed by injecting a broader harmonic content in the 
emitted fluorescence signal by pulsed laser excitation. 

Finally, a pump-probe microscope with lifetime imaging capabilities has been 
developed (Dong et al., 1995). A pump-laser pulse populates the donor excited state while 
a probe-laser pulse delayed with respect to the pump pulse, stimulates photon emission. 
By sampling the emitted fluorescence at different pump-probe time delays, the sample 
lifetime can be estimated. 

Historical developments 
Fluorescence lifetime detection is available from the 1920s when E.Gaviola built the 

first phase fluorimeter. The main developments and biological applications of lifetime 
detection were carried out by Gregorio Weber and his group. It should be noted that 
fluorescence lifetime measurements and FRET, although known for a long time, could 
only recently be implemented in microscopy by the development of technologies that were 
necessary to construct the first FLIM systems capable of quantitative FRET 
determinations. In the 1980s significant advances in both phase sensitive (Gratton and 
Limkeman, 1983; Gratton et al., 1984) and time domain (O’Connor et al., 1984) detection 
led to the implementation of lifetime detection in microscopy. The first FLIM 
microscopes were wide-field frequency- (Wang et al., 1989; Morgan et al., 1990; 
Lakowicz and Berndt, 1991; Gadella et al., 1993) and time-domain (Wang et al., 1991;) 
setups. Soon after, time-correlated- (Ghiggino et al., 1992) and time-gated (Buurman et 
al., 1992) single photon counting techniques were adapted to scanning microscopes, 
followed by the combination of FLIM and two-photon excitation (So et al., 1995). A third 
class of lifetime detection was introduced later (Dong et al., 1995) based on stimulated 
emission imaging induced by pump and probe excitation.   

Due to its high value for biology, FRET imaging by FLIM took only a few years to be 
applied (Oida et al., 1993; Gadella et al., 1995). Especially together with advances in 
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molecular biology and the availability of the visible fluorescent proteins (Zhang et al., 
2002; Lippincott-Schwartz et al., 2001), FLIM became one of the most quantitative tools 
available for the detection of protein-protein interactions and protein biochemical status 
inside cells (Bastiaens and Pepperkok, 2000; Wouters et al., 2001; Elangovan et al., 
2002).  

In less than two decades, FLIM has been consistently developed and nowadays presents 
a mature technique that, thanks to burgeoning technologies, is continuously developing 
into more sensitive and user-friendly systems. 

Critical parameters 
Several aspects should be considered in the selection of a FRET pair. First of all, the 

donor needs to be a fluorescent (or luminescent) molecule with a high quantum yield and 
should be excitable in the range of available excitation wavelengths. The acceptor 
absorption spectrum should overlap significantly with the donor emission spectrum and its 
extinction coefficient should be high in order to increase the Förster distance. There are no 
particular requirements for the quantum yield of the acceptor that could also be a non-
fluorescent molecule. The FRET efficiency can also be increased by optimizing the 
rotational parameter κ2 by modification of the linker between the fusion protein and the 
donor/acceptor fluorescent protein. The contribution of a rotational effect to FRET in a 
biosensor construct can be evaluated by swapping the donor and acceptor. If FRET 
efficiencies change, κ2 optimisation should be considered to increase the energy transfer 
efficiency.  

 
Narrow spectra are commonly required for multi-staining experiments. When using 

FLIM to image FRET, it is necessary to avoid spectral contamination. However, this can 
be done easily compared to other techniques because the typical negligible bleed-through 
of acceptor signal in the donor imaged spectral window. Nevertheless, the strictest spectral 
requirement for FRET is to maximize the donor emission and acceptor absorption spectral 
overlap, but not at the cost of significant spectral contamination. If donor bleed-through in 
the acceptor channel is impossible to remove, the acceptor lifetime can be detected as 
signature of sensitized emission. This technique has been used in the frequency-domain 
(Harpur et al., 2001) and can probably also be implemented in the time-domain. The use 
of a low quantum yield (or dark) acceptor completely eliminates the spectral 
contamination problem in FRET experiments. For this reason, a colleague at the Cell 
Biophysics Group at the European Neuroscience Institute mutated the yellow fluorescence 
protein in order to engineer a dark YFP with unaltered absorption characteristics 
(“Resonance Energy Accepting Chromoprotein (REACh)”, Ganesan et al., unpublished 
work). Chromoprotein and low-quantum yield organic compound chromophores as the 
dark variant of Cy3 and Cy5 can be efficiently used as acceptors. 

 
Photobleaching is the photo-inactivation of a chromophore and can affect both donor 

and acceptor. Both phenomena can, in fact, be exploited in specific intensity-based FRET 
detection methods (Wouters et al., 1998). In all other FRET detection measurements, 
photobleaching should be minimized. Even though lifetimes are intensity independent, 
lifetime imaging could also suffer from photobleaching artefacts.  The most evident 
problem is the degradation of the signal-to-noise ratio. In scanning time-domain, which 
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usually requires longer acquisition times, a good compromise is needed between 
excitation light intensities and acquisition times. Furthermore, TCSPC is less efficient at 
very high photon counts (Gratton et al., 2003). Reducing the laser power, i.e. the emitted 
photons, while increasing the acquisition time, avoids saturation effects. This is also 
effective to reduce photobleaching when using two-photon excitation. TPE, in fact, 
reduces the bulk photobleaching, but the photobleaching in the focal plane is increased 
and usually even exceeds exceeding the excitation rate because of the intrinsic non-linear 
photophysics of TP absorption (Patterson and Piston, 2000). Prolonged exposure times 
also increase the collection of autofluorescence especially when high photobleaching 
occurs. Autofluorescence can thus inject more heterogeneity in the measurement, 
preventing adequate data fitting and typically reducing the measured lifetimes. More 
photostable fluorochromes, higher concentrations of fluorophores and anti-bleaching 
agents can be used to reduce this problem. 

Wide-field lifetime imaging is based on the sequential acquisition of images to create 
an image phase-stack (time-stack). Photobleaching can modify the phase-stack, injecting 
artefacts in the lifetime estimation. Photobleaching can be corrected by acquisition of a 
second phase/time-stack with a reverse phase/time-delay protocol. The average of the 
forward and reverse phase/time-stacks is then used for the lifetime estimation (Gadella et 
al., 1994). Furthermore, pseudo-random acquisition protocols of the image stack can get 
photobleaching negligible (van Munster et al., 2004). 

In conclusion, donor photobleaching can be afforded both in time- and frequency-
domain, by wide-field and by scanning setups. In contrast, FLIM estimations of FRET can 
seriously suffer from acceptor photo inactivation. Acceptor photobleaching can be caused 
by direct excitation and by energy transfer itself. The result is a loss of FRET and 
concomitant recovery of donor fluorescence. Therefore, when the energy transfer is 
reduced by acceptor bleaching, FLIM detects increasing amounts of non-FRETting donor 
lifetimes. In this case increased exposure times cause a dilution, and eventually a loss, of 
the FRET signal (see the appendix of this dissertation).  

This problem can be minimized by avoiding direct excitation, e.g. by the choice of 
adequate FRET pairs, the use of fluorophores that exhibit a large Stoke’s shift, and the use 
of an acceptor with considerably lower photobleaching susceptibility than the donor, e.g. 
photostable and/or low quantum yield dyes. Again, dark acceptors are a possible choice to 
minimize this problem. 

 
Contrast enhancement by lifetime imaging is applicable also when the fluorophores are 

spectrally similar but exhibit separable lifetimes. This method is very useful as lifetime 
distributions are generally sharper than spectra, allowing experimental designs where 
spectrally mixed emissions are resolved by lifetime (Pepperkok et al., 1999). Furthermore, 
it is possible to combine lifetime and spectra data (Siegel et al., 2001b) to unmix 
emissions from multiple fluorescent species (Carlsson and Liljeborg, 1997; Neher and 
Neher, 2004). 

Fluorophores can have multi-exponential or complex fluorescence decays. CFP, for 
instance, exhibits a double exponential decay. Furthermore, the lifetimes of this GFP 
mutant are dependent on the excitation wavelength. Lifetime heterogeneities, whenever 
possible, should be avoided because these decays require more photons to be resolved and 
the lifetime distributions will be broader.  In a FRET experiment, it is advisable to select 
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longer lifetime donor fluorophores as the determination of FRET using sub-nanosecond 
lifetime dyes becomes more difficult and uncertain. With respect to FRET efficiency, 
there are no particular requirements to the acceptor lifetime other than the practical 
consideration of acceptor photobleaching prevention by selection of short lifetime dyes. 
The latter also carry the advantage that the generation of a considerable acceptor exited 
population is avoided. As acceptor fluorophores in the excited state cannot accept another 
quantum of energy from a nearby excited donor molecule, an excited population 
represents a FRET-incompetent fraction that “frustrates” the FRET phenomenon (Schönle 
et al., 1999; Jares-Erijman and Jovin, 2003.).  

 
With the exception of instrumental errors and improper use (e.g., by error in data 

analysis or by inducing interaction with the fluorescent-tag), FRET imaged by FLIM 
cannot practically detect false positive interactions. In contrast, false negative detection 
can be caused when the distance or orientation between fluorophores on interacting 
molecules is beyond the limit for efficient FRET detection. For this reason, FRET-
resolved interactions are reliable but absence of FRET only carries information in a very 
limited number of cases like in biosensors based on linked FRET pairs. As pointed out 
previously, the two rotational and one distance degrees of freedom play a crucial role in 
the detection of FRET.  
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UNIT 1 – THEORETICAL DEVELOPMENTS 
Chapter 2 – Optimizing frequency-domain fluorescence lifetime 
sensing for high throughput applications: photon-economy and 
acquisition speed 

Abstract 
The signal-to-noise ratio of a measurement is determined by the photon-economy of the 

detection technique and the available photons emitted by a sample. This work investigates 
the efficiency of various frequency-domain lifetime detection techniques and their related 
estimators. Non-linear effects are discussed that are introduced by the use of image 
intensifiers and fluorophore saturation. These effects deteriorate the photon-economy and 
the precision of lifetime quantification. The efficiency of FLIM setups is connected to the 
speed of acquisition and thus to the imaging throughput. The efficient frequency-domain 
"rapid lifetime determination" algorithm, the possibility for parallel or sequential detection 
of phase-dependent images, and different excitation sources and detection modulation 
profiles are therefore analysed in order to optimize the throughput and efficiency of the 
frequency-domain lifetime technique 

Introduction 
Fluorescence lifetime detection and its microscopic implementation (FLIM) are well 

established and characterized techniques. The noise-sensitivity or photon-economy of 
different implementations has been described in the recent past [1-9]. Lifetime detection 
can be performed in the time- (TD) and in the frequency- domain (FD). The former 
requires the transient excitation of the fluorophore and the time-resolved detection of its 
fluorescence emission. This is not usually performed during a single excitation event. 
Typically, the sample is illuminated with a train of short light pulses and the emitted 
photons are collected in a number of different time windows. The main techniques 
adopted in the time-domain are time-correlated single-photon counting (TCSPC) and 
time-gating (TG) whose description can be found in [10]. Both TG and TCSPC result in 
histograms of arrival times that are fitted to (exponential) models to retrieve the decay 
time of the system. Detection in the frequency-domain relies on the excitation of a 
fluorophore with a periodic light pattern and the subsequent analysis of the fluorescence 
harmonic response. Here, a fluorophore is usually considered to be a linear and time-
invariant system. This is true if no saturation and photobleaching occurs. Within the limits 
of this assumption, the harmonic content of the fluorescence is only related to the 
harmonic content of the excitation light. The phase-delay and the demodulation of each 
harmonic are also related to the lifetime of the fluorophore [11,12]. FD detection is 
accomplished by cross-correlation techniques. Typically, the detector gain is modulated at 
the frequency of the harmonic that is to be analysed.  

 
TD- and FD- techniques are both implemented in laser scanning and wide-field 

microscopy. Usually, laser scanning microscopes offer higher resolution and image 
contrast at the cost of longer acquisition times. Furthermore, laser scanning microscopes 
commonly use point detectors and therefore comparatively simple detection electronics. 
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This results in the possibility of the simultaneous recording of different time/phase gates 
or multiple harmonics. Wide-field detectors offer higher acquisition speeds at the 
detriment of spatial resolution and image contrast. Furthermore, images of time- and 
phase- stacks are usually collected sequentially, therefore decreasing the acquisition 
throughput. Recent methodological and technological advances [13-15] make parallel 
imaging with wide-field detectors feasible. 

 
When the excitation light is a train of Dirac pulses, both TD and FD detection perform 

equally well, reaching the maximal Signal-to-Noise Ratio (SNR) possible [7]. FD 
detection allows the use of different excitation waveforms, e.g. rectangular-waves and 
sine-waves. However, only excitation with very short light pulses prevents correlations 
between measurements at different phase-delays that deteriorate the SNR. Therefore, with 
non-pulsed excitation, not all the photons carry new information about the fluorescence 
decay. FD detection is usually not performed with pulsed excitation but with rectangular 
or sinusoidal excitation, therefore it exhibits a reduced SNR and its photon-economy is 
worse than TD techniques.  

 
Utilization of non-pulsed excitation in FD methods allows the use of more cost-

effective laser- and light-emitting- diodes. Furthermore, depending on its technological 
implementation, FD may be able to handle higher photon-fluxes than TD techniques [16].  
 

The photon-economy of time-domain techniques like TCSPC and TG has been 
extensively characterized [1-6,8], also with respect to the optimal number of time 
gates/bins. Recent work describes the photon-economy of FD measurements by both lock-
in and image-intensifier detection [9]. Image-intensifiers and other wide-field detectors 
operating in the frequency-domain directly cross-correlate the optical signal with the gain 
modulation of the detector that is phase locked to the excitation modulation. It should be 
noted that there is an intrinsic DC component in the optical signal that is not removed by 
the detectors. FD detection implemented using the above detectors is commonly called 
lock-in imaging, but this should not be confused with the actual operation of a lock-in 
amplifier. In this work and the affine photon-economy literature, lock-in detection 
exclusively refers to the actual detection mechanism used by lock-in amplifiers, i.e. the 
cross-correlation of an unbiased electric signal with the excitation reference one. 

 
A challenging development of FLIM is its use for high throughput applications. Here, 

the acquisition speed is of the utmost importance. However, at the same time 
photobleaching has to be kept low. Therefore, a balance has to be found between 
acquisition speed and photon-economy. In this chapter several parameters that are 
important for the optimization of the FLIM acquisition rate are studied. 

The photon-economy of the average lifetime and the FD rapid lifetime determination 
(RLD) estimators are characterized. Furthermore, the dependence of the photon-economy 
on the number of acquired phase images (parallel or sequential acquisition) and the effect 
of sine or gated gain modulation of the detectors is investigated. Possible artefacts related 
to aliasing, photobleaching and fluorophore saturation are described. Finally, the photon-
economy is related to the acquisition speed by the analysis of a figure of merit of the 
detection throughput.  
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Here, the photon-economy will be quantified by a figure of merit F defined as [17]: 
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F represents the ratio between the relative error in the lifetime (στ τ-1) and the minimal 
possible noise limit when poissonian noise is assumed (N-1/2). F=1 corresponds to the best 
possible photon-economy, i.e. the lifetime estimation exhibits only poissonian noise.  
Higher F-values imply worse photon-economy. F-1 is often used to describe the efficiency 
of an estimator, while F2 represents how many more photons are required to achieve a 
SNR that is similar to an ideal (efficient) system with an F value of 1. Interestingly, 
TCSPC and TG in the time-domain and Lock-In detection in the frequency-domain have 
equally efficient estimators (F~1) when Dirac-excitation is used [7].  

 
In this work, F values were numerically computed by Monte-Carlo simulations. When 

possible, analytical solutions are presented. 

Methods 
Mote-Carlo simulations were carried-out using custom-developed software in Matlab 

(Mathwork, Natick MA, USA). Modulation frequencies were normalized to the sample 
lifetimes (x=ωτ). For each modulation frequency and lifetime value, photon emission 
probability density functions were synthesised in accordance with a particular excitation 
light profile: Dirac, sine or rectangular shape. Different rectangular profiles with variable 
duty-cycles, i.e. ratio of “on time” to period, were simulated. The probability density 
functions were binned and the bin width was set to avoid photon generation probabilities 
higher than 1% per bin. Each photon was generated by a random number generator. 
Subsequently, the photons were integrated in images with a phase offset with respect to 
the excitation light. The detector gain characteristics were taken to be sinusoidal or square 
(50% duty-cycle), corresponding to cross-correlation with a sine-wave or gating, 
respectively.  The modulation frequency x was varied between 0.3 and 1.9 in 25 
equidistant steps. Images of 30x30 pixels were synthesized, i.e. the standard deviations 
from which the F values were estimated were computed over 900 data points. The noise 
level in the phase images was always monitored; in all cases Poissonian noise at the 
expected level was observed. The simulated number of photons per pixel was 2500. As 
expected, the F values do not depend on this number. However, at lower photon counts, 
the algorithms for the lifetime estimation may not converge to the right solution, but to an 
erroneous limit value. In these conditions, the relative error in the estimated lifetime can 
decrease significantly, resulting in apparent high photon-economies, e.g. F values equal or 
less than 1. These systematic errors were monitored by computing the average relative 
difference between the simulated and the real lifetimes. Simulation for which this relative 
difference was higher than 5% were discarded and recalculated with higher photon counts 
(10,000 - 25,000). Typically, higher photon count simulations were carried out when the 
detector was operating in gating mode with only 2-3 simulated phase-images.  
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Saturation effects were studied by solving the differential equations that govern the 
photophysics of a fluorophore (see appendix of the dissertation).  Here, only the transition 
between the ground state and the first excited state, and a radiative de-excitation pathway 
whose rate constant was set to 1/τ were considered. The lifetime used in the simulations 
was taken to be 2.5 ns. The simulated rectangular excitation profiles had a variable duty-
cycle (5%, 10%, 20%, 30%, 40% and 50%). The 0% duty-cycle corresponds to Dirac 
excitation. The relative difference between the simulated and the real lifetime was 
computed. Subsequently, the saturation levels that cause 5% and 10% of relative error 
were mapped. The differential equation solutions and the simulations of saturation effects 
were obtained by software developed in Mathematica (Wolfram Research Europe Ltd., 
Long Hanborough, UK). 

 
Every simulation was carried out with 100% excitation and detection modulation 

depths. In practice the modulation depths are often less than 100%, therefore the simulated 
F-values are best case values and the performance may be worse in real experiments. 
Moreover, the simulations were carried out without any background signals. In the 
presence of background fluorescence, for instance, the photon-economy will degrade. 

Results 
FD provides both a phase- and modulation- lifetime estimator [11,12]: 

( )211;tan 211 −== −−− mm ωτφωτφ  

The demodulation (m) and relative phase (φ) of the fluorescence emission are computed 
by Fourier analysis or data fitting [10] of a phase-stack composed of an ensemble of K 
images taken at different relative phase delays (usually φk=2π (k-1)K-1, k=1,…, K). 
Differences between the phase- and modulation- lifetime estimations are related to the 
lifetime heterogeneity [18]. Neglecting lifetime heterogeneity, it is possible to retrieve a 
FD lifetime estimator by the acquisition of only two phase- data points [19]. These 
measurements (I0,I180) have to be collected at a relative phase of 0° and 180°. I0 and I180 
can be used to estimate the modulation of the fluorescence emission and therefore to 
measure the fluorescence lifetime: 
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This estimation is obtained with the collection of only two images (K=2), and is 
therefore somewhat comparable to the time-domain rapid lifetime determination method 
[1]. 

 
The photon-economy of both the τφ and τm estimator has been characterized, for K=3 

[9,17]). The phase- and the modulation- lifetime estimators carry information on the 
average sample fluorescence lifetime, on the fluorescence heterogeneity [18] and on the 
occurrence of photochemical reactions at the excited state [20]. However, the most 
commonly used lifetime estimate is the average between the phase- and modulation- 
lifetime estimates (average lifetime estimator). 
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The plot of the F-value versus the normalized modulation frequency (ωτ) facilitates the 

analysis of the photon-economy of frequency-domain techniques. Figure 1 shows the 
results of Monte-Carlo simulations of the F-value for the case of sine- and Dirac- 
excitation. Here, the grey dotted lines (F = 1) mark the lowest achievable F value of 1, i.e. 
the highest attainable photon-economy. The F-values for the modulation- and phase- 
lifetime estimators are plotted (K = 3, simultaneously acquired phase images) in blue and 
red, respectively. With fully modulated sinusoidal excitation light and detector gain, the 
minimum F value is 3.8 and 3.3 at a normalized modulation frequency of ~0.74 and ~1.3, 
respectively. When the phase images are acquired sequentially, the F-value scales with a 
factor K1/2. In the previous case (K = 3), the minimum F values increase to 8.1 and 6.7, 
respectively.  

 

 

Figure 1. The dependence of the figure of merit F of frequency-domain detection on 
modulation frequency using sine- (left) and Dirac- (right) excitation. Different 
detection techniques and estimators exhibit different photon-economies. In general, 
the average lifetime estimators and the rapid lifetime determination algorithm 
provide the most efficient estimators with the lowest F-values in broad modulation 
frequency windows. Dirac excitation exhibits the best photon-economy that 
approaches the highest efficiency that is theoretically possible (F=1, grey dotted 
lines). The acquisition of different phases was considered to occur simultaneously. 
If the two phases are acquired sequentially, the lock-in (black dashed lines) and the 
RLD (grey solid lines) curves have to be rescaled by a factor 21/2. F values for 
phase- (red), modulation- (blue) and average- (dark grey) estimators should then 
be rescaled by a factor K1/2. The inset shows the Monte-Carlo simulation data 
points (circles) and the analytical solution for the FD-RLD F-value. 

Although the optimal frequency is equal to that reported in literature [9], the F values 
are slightly different. Here, the operation of an image intensifier with which the three 
different images were acquired at three different phases was simulated, i.e. the way the 
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instrument is typically operated. In previous work the photon-economy was simulated 
based on three images, one with unmodulated excitation light [9,17,21]. 

The average lifetime estimator exhibits an intermediate behaviour, with a minimum F-
value (K = 3) of 2.6 (4.6 for sequential acquisition) at a modulation frequency of ~0.97. In 
general, the average lifetime estimator has a better photon-economy because the phase- 
and the modulation- estimators are correlated, but carry different information. The 
modulation- and phase- estimators require ~1.6 and ~2.0 fold more photons to be 
collected, respectively, to achieve the same efficiency of the average- estimator at the 
respective optimal modulation frequencies. Interestingly, the three estimators are more 
efficient, i.e. exhibit a better photon-economy, over three different modulation frequency 
regions. The average lifetime estimator is more efficient over a broader modulation 
frequency range. Lock-in imaging and the rapid lifetime determination estimator provide 
F values that are similar to the phase- and average- estimators, respectively, but require 
only two phase dependent images (K = 2).  

 Analogous simulations with Dirac excitation provide similar results, but now all 
estimators are considerably more efficient. In this situation, the minimum of the F value 
for phase-, modulation- and average- estimators (K = 3) are ~1.1, ~1.2 and ~1.0, 
respectively (1.8, 2.1 and 1.7 with sequential acquisition) In the latter cases, the average 
lifetime estimator requires the collection of about 40% - 50%, less photons in order to 
achieve similar SNR, i.e. the acquisition speed could be doubled. 

A comparison between the minimum F-value of the estimators with different excitation 
patterns is shown in Figure 2. Here, rectangular-wave excitation with 50% and 20% duty-
cycle is simulated in addition to sinusoidal and Dirac excitation. 

 
TD-RLD allows the lifetime determination from photons integrated in only two time-

windows [1]. The FD-RLD (K=2) photon-economy was not previously characterized. 
Figure 1 and figure 2 shows that FD-RLD has a high photon-economy. This result is 
confirmed by the analytical solution for the figure of merit F of the FD-RLD that, in the 
case of Dirac excitation and parallel acquisition, is: 
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Where x=ωτ. A description of the statistical and algebraic strategies used for this 
derivation is described elsewhere [9]. The minimum of the F value is located around 
ωτ~0.5 and equals ~1.1, in agreement with the simulations. The inset in figure 1 shows the 
analytical solution plot which is in perfect agreement with the Monte-Carlo simulation 
data points. Therefore, both lock-in detection and FD-RLD in combination with Dirac-
excitation exhibit the same efficient behaviour (F  1), and exhibit high photon-economy 
also for sequential acquisition (F~1.6). 
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 Figure 2. Comparison between different excitation methods: sine- , rectangular- 
and Dirac- excitation. Rectangular excitation was simulated with 50% and 20% 
duty-cycle. When the (K) images are collected simultaneously, the lock-in detection 
(K=2) exhibits a photon-economy that is similar to phase-detection (K=3). The 
rapid lifetime determination estimator (K=2) provides optimal photon-economy 
similar to the average (K=3) estimator, while the modulation estimator exhibits 
intermediate values.  

In both time- and frequency- domain measurements, the photon-economy may depend 
on the number of acquired phase-/time- images. For instance, TG systems with two time 
gates, in combination with analysis by the TD-RLD provide a minimum F value of 1.5. 
Moreover, time-gated detection F values approach unity at increasing gate number. 
TCSPC is based on the detection of multiple time windows (K > 16) and therefore 
typically provides F values equal to 1. Wide-fields time-gated systems require the 
sequential acquisition of the time-gated images at the detriment of its photon-economy.  

FD detection dependence on the number of phase images (K) was not previously 
characterised. Frequency-domain F values do not depend on K when the detector gain is 
sinusoidally modulated and parallel acquisition is performed; the dependence on K for 
sequential detection is trivial (F ∝ K1/2). However, wide-field detection is usually 
accomplished by using image intensifiers. Because of the non-linear response of the 
intensifiers their gain modulation contains a larger high frequency harmonic content than 
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the input modulation signal [22]. Therefore, if gating is adopted, or no electronics is used 
for the compensation of non-ideal sinusoidal gain modulation, the resulting FD photon-
economy will also depend on the total number of acquired images (see figure 3).  

 

Figure 3. Dependence of frequency-domain photon-economy on the number of 
phase images (K). When FD detection is performed with gated detectors (grey 
bars), the photon-economy depends on the number of phase images, even when the 
images are collected simultaneously. This dependence is present for every 
excitation light profile: sine- (top row), rectangular- with 50% and 20% duty-cycle 
(middle rows) and Dirac- (bottom row) excitation.  The photon-economy of both 
phase- (left column), modulation- (middle column) and average- (right column) 
lifetime estimators generally converge to the photon-economy of the detection with 
sine-modulated (white bars) gain.  
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Figure 3 shows the F-values of FD detection, when Dirac, rectangular and sine 
excitation are simulated in combination with detection at different numbers of phase 
images (K = 3, 4, 8 and 16) and with a sine- (white bars) or square- (grey bars) modulated 
detector gain. The F-value decreases with increasing phase- number (K) when the detector 
is gated, whereas it is constant when the gain is sine-modulated. At higher numbers of 
phase steps (K > 4) the F values of the different lifetime estimators converge to values 
similar to those with sinusoidally modulated detector gain. The frequency at which the 
photon-economy is the highest does not depend on K for K > 2 (data not shown). In 
general, the presence of higher harmonics in the gain modulation is disadvantageous for 
the photon-economy, except when sinusoidally modulated excitation is used. However, 
this is apparent only for the phase lifetime estimator. 

When the different phase images are acquired sequentially, the photon-economy 
deteriorates because not all emitted photons are detected. This also occurs in the case of 
gated detectors. For instance, the F-value of the average lifetime estimator at increasing K 
and sequential acquisition is shown in figure 4. 

 

Figure 4. Photon-economy versus 
number of phase images. The 
hatched histograms show the 
photon-economy of the average 
lifetime estimator as also plotted 
in Figure 3 for sine- and Dirac- 
excitation. These F-values are 
compared with F-values for 
sequential detection (plain bars). 
A higher number of phase steps 
(K) can decrease the F-values, but 
here, the F-values increase faster 
at increasing K than the beneficial 
effects of high K found for parallel 
acquisition. 

With sequential acquisition, higher numbers of phase images may be helpful for the 
compensation of photobleaching [23] and aliasing [22] artefacts. The trade-off between 
these errors and photon-economy results in an optimum number of phase images of 5-6.  
 

Philip et al. (2003) demonstrated that rectangular excitation profiles with reduced duty-
cycle results in a better photon-economy than when a higher duty-cycle is used (e.g. a 
square-wave or a sine-wave). They reported F values of 2.9, 1.2 and 1, with duty-cycles of 
50%, 10% and 0% (i.e. the Dirac- excitation limit), respectively. These excitation profiles 
outperform sine-wave excitation (F = 3.7). 

 
The photon-economy is one of the important parameters that determines the throughput 

of a detection technique. Techniques exhibiting a poor photon-economy (high F) require 
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the acquisition of a higher number of photons (F2) compared to an efficient system (F = 
1). At constant fluorescence intensity by the specimen, this implies longer acquisition 
times for a less efficient technique in order to achieve the same SNR. 

The excitation light profile may influence both the photon-economy and the average 
fluorescence emission of the sample. Therefore, a more detailed analysis of the effect of 
the excitation profile on the acquisition time is important for the evaluation of the 
throughput of a lifetime technique and consequently for the adaptation of lifetime imaging 
to high-throughput applications 

 
FD can be used with sine, Dirac and rectangular excitation profiles. Sine-wave 

excitation can be easily implemented by modulating a laser with an acoustic-optic-
modulator. Dirac- excitation, however, requires expensive femto- or pico- second pulsed 
lasers. Nowadays, laser- and light emitting- diodes are comparatively cheap. Such all-
solid-state sources can be pulsed in the nanosecond and even in the picosecond region, 
without compromising the device lifetime and performance. 

In FD FLIM the most common light sources are comparatively cheap cw gas and 
nowadays also cw solid-state lasers. The excitation duty-cycle of such a cw light source 
can be manipulated by gating the light source using a fast (external) modulator.  By gating 
the light source and reducing the duty-cycle to obtain a better photon-economy, the total 
detected photon flux decreases. Consequently, the acquisition time required to realize a 
specific SNR goes up. The detected number of photons can be considered to be 
proportional to the average excitation photon flux Φ0 multiplied by α∆t, where ∆t is the 
exposure time and α the duty-cycle of the light source. The relative error in the 
fluorescence lifetime will be, neglecting the proportionality constant, equal to: 
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Here, it is interesting to estimate how long the acquisition (exposure) time (Rα∆t0) is 
compared to the acquisition time of an excitation source with a 50% duty-cycle (∆t0) to 
obtain the same lifetime SNR.  When α < 0.5: 
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Intuitively, if the F-value is constant when the duty-cycle is halved, the exposure time 
has to be doubled. On the other hand, it is clear that the F-value approaches 1 (the highest 
photon-economy) when α 0, i.e. Dirac excitation. Therefore, there is an optimum duty-
cycle that minimizes Rα. The transcendent nature of the analytical solution for F(α) [9] 
suggests the use of approximated solutions. F(α) can be approximated by a quadratic line 
(F~1+α+5.4α2) as shown in figure 5 (left panel). Therefore, Rα is described by a simple 
relationship (right panel). The minimum of this curve is at a duty-cycle of ~20%  and an 
Rα of ~0.6.  At this duty-cycle the highest throughput can be realized for an externally 
gated cw light source. This minimum, for instance, corresponds to 2.5 ns long pulses when 
a modulation frequency of 80 MHz is used. FD detection therefore exhibits a high photon-
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economy at high repetition rates, but may provide high throughputs with relatively long 
excitation pulses width. 

 

 

Figure 5. F values versus excitation duty-cycle. Reducing the duty-cycle of the 
rectangular excitation profile, improves the photon-economy of the lifetime 
detection (left panel); F converges to 1 for duty-cycles close to zero, i.e. Dirac 
excitation.  This trend is shown by simulated F-value at different duty-cycles 
between 0% and 50% (dots). The solid line is the result of a quadratic fit of the 
simulated F-values. The duty-cycle reduction causes both a photon-economy 
increase and a decrease of the detected number of photons. In order to maintain a 
constant SNR, the integration time needs to be adapted (right panel). Here, the 
integration time relative to rectangular excitation profile with 50% duty-cycle is 
shown. Intermediate duty-cycles result in the fastest acquisition speed. 

However, if the decrease of duty-cycle is accompanied by the increase of peak power of 
the light source the reduction of the detected photon flux may be limited. In this case, the 
improved photon-economy results in shorter acquisition times.  

Saturation of the detector or fluorophore may also limit the acquisition speed. In the 
case of fluorophore saturation the assumption of the linear-time-invariant model is no 
longer valid and systematic errors are introduced in FD detection. In this case, the 
harmonic content of the fluorescence emission is indeed modified by non-linearities due to 
the fluorophore saturation. Figure 6 shows the fluorophore saturation level at which the 
error in the modulation- (blue), phase- (red) and average- (black) lifetime estimators 
amount 5% (solid lines) or 10% (dashed lines). At the limit of Dirac excitation, 
fluorophore saturation does not introduce errors in the lifetime estimations. With 50% 
duty-cycle, the fluorophore saturation level should be kept below 5%, 30% or 12% in 
order to not exceed an error of 5% in the phase-, modulation- or average- lifetime, 
respectively.  
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 Figure 6. Systematic errors in FD detection due to fluorophore saturation. The 
fluorescence emission (B, solid grey line) contains harmonics that are not present 
in the excitation light (B, dashed grey curve) when non-negligible saturation is 
present. Panel A shows the saturation levels at which 5% (solid lines) and 10% 
(dashed lines) systematic error is present in the modulation- (blue), phase- (red) 
and average- lifetime estimations versus the duty-cycle of a rectangular excitation 
profile. Dirac-excitation (duty-cycle  0%) exhibits no systematic errors in any of 
the estimators. 

Discussion 
Frequency-domain lifetime detection is commonly considered to be less efficient than 

time-domain techniques. However, the present and previous work demonstrate that both 
techniques exhibit high photon-economies (F  1) when Dirac excitation is used. The 
differences between the two approaches are mainly due to differences in their 
technological implementations and data analysis procedures. 

 
Frequency-domain detection offers the possibility to perform lifetime imaging using 

simple and cost-effective light sources. However, the recent increase in the number of 
two-photon facilities and the availability of comparatively cheap pico-second pulsed solid-
state lasers reduce the importance of this advantage.  Therefore, the most significant 
advantage of frequency-domain detection is the possibility to handle higher fluorescence 
signal levels. This results in potentially faster lifetime acquisition speeds. It was reported 
[16] that FD detection tolerates higher photon-counts due to its intrinsic analog nature of 
the technique. However, this is a mere technological aspect that could be negligible with 
future detectors capable of handling higher photon rates with high time resolution. At very 
low fluorescence signal levels TCSPC exhibits the best performance. In this situation, 
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photo-bleaching cannot be neglected and it is favourable to have the highest photon-
economy possible, at the price of a slow acquisition speed. 

 
We recently demonstrated [13,15] that wide-field lifetime detection is possible with the 

simultaneous acquisition of two time-/phase- dependent images. Wide-field time-domain 
TG systems have proved capable of lifetime sensing with a single exposure, therefore 
enabling high acquisition speeds of up to 100 Hz. These image intensifier-based systems 
require the fluorescence emission to be split in multiple images that are focused on the 
image intensifier photocathode. Different images can be optically delayed [13] or 
photocathode quadrants can be gated with different timings [14] allowing single-shot 
measurements. Although these techniques allow comparatively high throughput levels, the 
photon-economy does not improve with respect to the sequential acquisition, because 
photons are lost in the gating process.  

We previously characterized a detector capable of lifetime sensing by the simultaneous 
accumulation of different images at different relative phases on the same sensor [15]. 
Here, the systems photon-economy improves together with the acquisition speed. With 
this technology, the FD-RLD algorithm can be conveniently used. Importantly, the 
simultaneous acquisition eliminates photobleaching and motion artefacts. For this reason, 
we studied the characterization of the FD-RLD algorithms and the average lifetime 
estimators, whose photon-economy was not previously investigated. Both estimators 
exhibit the same efficient behaviour over a relatively broad modulation frequency range.  

 
Photobleaching causes artefacts that can be compensated for by acquiring specific 

sequences (K > 3) of phase-dependent images [23]. Furthermore, most of current 
implementations of FD lifetime detection suffer from higher harmonics in the excitation or 
gain modulation. These harmonics cause aliasing [22] that may affect the measurement. In 
order to avoid aliasing, acquisition of at least 5-6 phase-images is required.  Typically, 
image intensifiers inject higher harmonics in the gain modulation. This causes a 
dependence of the photon-economy on the number of acquired images. In general, the 
acquisition of 8 phase-images is sufficient to optimize the photon-economy. The 
collection of 5-6 images is advisable with sequential acquisition due to decreasing photon-
economy with increasing K. 

 
The photon-economy is highly dependent on the excitation light profile. In general, 

decreasing the duty-cycle of the excitation profile is beneficial. The reduction of duty-
cycle can cause a decrease in detected photons and may result in longer acquisition times. 
A duty-cycle of ~20% provides the highest acquisition speed possible, presenting the best 
trade-off between photon-economy and photon flux. At a typical modulation frequency of 
80 MHz, the best performance of a FD-FLIM can thus be achieved with broad excitation 
pulses of 2.5 ns width. Laser- and light emitting- diodes can provide this type of excitation 
profile at very low costs.  

 
The response of a fluorophore is non-linear and not time invariant when photobleaching 

or saturation occurs. Photobleaching has been previously investigated [23,24]. The present 
work demonstrates that fluorophore saturation introduces higher harmonics in the 
fluorescence emission, thereby causing artefacts. Sine- and rectangular- excitation with 
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high duty-cycles may cause significant errors in the lifetime estimation even at low (5%) 
fluorophore saturation levels. Therefore, high excitation duty-cycles are only advisable 
with wide-field microscopes where fluorophore saturation is very low. Laser scanning 
microscopes usually operate at higher saturation levels. Errors in the detected lifetime can 
be avoided be the use of pulsed lasers.  

 
The highest achievable photon-economy is required for low light level fluorescence 

lifetime imaging. In this situation, TCSPC in combination with laser-scanning microscopy 
is often used. Here, both the scanning setup and the requirement of counting single 
photons increase the acquisition times and therefore the throughput of the detection 
system is comparatively poor. Moreover, wide-field TCSPC implementation cannot 
handle high photon counts and also suffer from long image acquisition times. Time-gated 
systems on the other hand can handle high fluorescence signal levels and exhibit a 
minimum F equal to 1.5 for two-gates and F approaches 1 for higher gate numbers. 
Therefore, scanning and wide-field time-gating systems offer the best trade-off between 
throughput and photon-economy in the time-domain. Wide-field systems rely on detection 
by intensified CCD cameras and require the sequential imaging of different time- or 
phase- gates. A fully parallel acquisition frequency-domain technique is nowadays 
available based on CMOS/CCD technology. Combining this technology with solid-state 
light sources may provide simple and cost-effective systems. Furthermore, nanosecond 
pulsed light sources may offer the best trade-off between photon-economy, acquisition 
speed and price. 

 
It can be concluded that the time-gated systems with Dirac excitation and frequency-

domain systems with nanosecond pulsed light sources appear to offer the optimal 
throughput speeds for laser-scanning and wide-field microscopy, respectively. FD-FLIM 
high-throughput applications will benefit from the new all-solid-state technologies 
allowing the implementation of the highest throughput possible for fluorescence lifetime 
imaging microscopy. 
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Chapter 3 – Fluorescence lifetime heterogeneity resolution in the 
frequency-domain by lifetime moments analysis (LiMA) 

Abstract 
 Fluorescence lifetime imaging microscopy (FLIM) presents a powerful tool in biology 

and biophysics since it allows the investigation of the local environment of a 
fluorochrome in living cells in a quantitative manner. Furthermore, imaging Förster-type 
resonance energy transfer (FRET) by FLIM enables protein-protein interactions and 
intermolecular distances to be mapped under physiological conditions. Quantitative and 
precise data analysis methods are required to access the richness of information that is 
contained in FRET data on biological samples. Lifetime detection in the frequency-
domain yields two lifetime estimations. The Lifetime Moments Analysis (LiMA) provides 
a quantitative measure of the lifetime distribution broadness by exploiting the analytical 
relationship between the phase- and demodulation- lifetime estimations and relating them 
to the weighted average and variance of the lifetime distribution. The LiMA theoretical 
framework is validated by comparison with Global Analysis and by applying it to a 
constrained two-component FRET system using simulations and experiments. 
Furthermore, a novel LIMA based error analysis and a more intuitive formalism for 
Global Analysis are presented. Finally, a new method to resolve a FRET system is 
proposed and experimentally applied to the investigation of protein-protein interactions. 

Introduction 
The fluorescence lifetime is a spectroscopic property of a fluorochrome that is sensitive 

to its chemical-physical environment. The first lifetime measurements were performed by 
E.Gaviola (1) in the 1920s using phase fluorimetry. This technique and its theoretical 
background were developed and expanded by the group of G.Weber (2) in the following 
years. The advances in technology in both frequency- (3) and time- (4) domain in the 
1980s eventually resulted in the development of lifetime detection in microscopy. A large 
variety of systems has been developed based on different frequency- and time-domain 
wide-field approaches (5-9) and laser scanning approaches (10-15).  

Fluorescence lifetime imaging microscopy (FLIM) is a powerful tool to, for instance, 
enhance contrast in samples with more than one fluorochrome, quantify ion concentration 
and to detect Förster-type resonance energy transfer (FRET). The analysis of lifetime 
heterogeneity may yield important information about photophysical processes (16,17) and 
can be used to derive estimators for, e.g. average lifetime and FRET efficiency (this 
work). FRET is a quantum-physical process that causes non-radiative transfer of 
excitation energy between two chromophores by dipole-dipole coupling (18,19). In this 
process, the acceptor fluorescence emission is enhanced at the cost of donor quantum 
yield and the donor lifetime is decreased (20,21). This is due to the fact that donor 
photophysics is coupled to the acceptor and an additional depopulation pathway is 
provided by FRET. FLIM is increasingly used to study FRET in biological systems 
because it allows the construction of an interaction map of biomolecules inside cells 
(22,23). Because of the extreme distance dependence of FRET, when two biomolecules 
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labelled with suitable fluorochromes undergo FRET, it implies that the two biomolecules 
are physically interacting.  

Detection in the frequency-domain (FD) using a sinusoidally modulated light source 
and a detector modulated at the same frequency, presents a robust technique for the 
measurement of fluorescence lifetimes (8,24). The detector acquires images at different 
phase-delays relative to the excitation light and the resulting phase-dependent image stack 
is fitted to a sine function or analyzed by first component Fourier analysis to retrieve 
lifetimes (25).  

FD-FLIM provides two lifetime estimations from the analysis of the demodulation and 
phase-lag between a reference measurement and the sample. Usually these two lifetimes 
are referred to as being independent. However, whether they are truly independent is 
debatable. The modulation lifetime is in general greater than or equal to the phase lifetime 
(8,26-28). The two estimators are only identical for a sample exhibiting a mono 
exponential decay. The experimental observation that the two estimations diverge at 
growing sample lifetime heterogeneity has been reported repeatedly in literature, however, 
without a clear theoretical explanation or analytical solution. The formalism presented 
here aims at lifetime heterogeneity analysis and does not take into account excited-state 
reactions that may invert the two lifetime estimations (26,29).  

FLIM can be used to detect FRET by determining the reduction of the donor lifetime. 
In the simplest case, two lifetimes are present in each pixel; one from the donor molecules 
that do not undergo FRET and one from the donor molecules that undergo FRET. Now, 
the quantification of the FRET efficiency between the interacting components requires 
knowledge about the amount of non-interacting donor molecules that exhibit no FRET. 
Attempts to resolve the two real lifetimes from the two estimated values were typically not 
followed as this requires knowledge of the relative weight of the two components. 

In recent years, global analysis (GA) methods were described (30,31) that aim at 
extracting this quantitative information. These methods rely on the assumption that two 
spatially invariant fluorescence lifetimes are present in the specimen. The invariance 
property suffices for single-frequency resolution of the two lifetime-components for each 
pixel. 

Here, we present: 
a.) an analytical solution of the relationship between the modulation- and phase- 

lifetime estimations. This discloses the simple physical background underneath the 
divergence of the two estimations and allows the computation of additional relevant 
quantities such as pixel-by-pixel estimators for the decay time variance and average 
lifetime.  

  b.) a more descriptive physical explanation of single-frequency Global Analysis and 
its graphical representation (32) for a two-component system. In addition the frequency 
limits are investigated. 

c) the analysis of a constrained two-component system exhibiting FRET (33) with the 
derivation of its noise sensitiveness and a new robust FRET estimator. 

The presented theoretical framework is validated by in vitro experiments on mixtures of 
fluorescent proteins. LiMA was able to predict and quantify the lifetime heterogeneity of 
these samples. Furthermore, the experimental comparison of the method with lifetime 
detection in the time-domain (TD) is presented. Here, fitting the time-resolved 
fluorescence decays gives quantitative information about the lifetime heterogeneities. 
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Moreover, we illustrate the application of LiMA to a relevant biological case, i.e. the 
quantification of FRET between fluorochromes resident in lipid microdomains. The 
experimental data is compared with computer simulation to further confirm the results.  

Material and methods 

Microscopy 
The frequency-domain FLIM is an in-house developed system built around a fully 

automated Axiovert200M microscope (Carl Zeiss Jena GmbH, Jena, Germany).  The 
excitation light is provided by an Innova 300C Argon laser (Coherent Inc., Santa Clara 
CA, USA) whose 488nm and 514nm lines were used for excitation of the green 
fluorescent protein (EGFP, Clontech, Palo Alto CA, USA) and two EYFP mutants. The 
laser beam is intensity-modulated by an acousto-optic modulator ME405 (AOM, 
IntraAction Corp., Bellwood IL, USA) and the first-order sine-like modulated output is 
selected by an iris. The laser is further attenuated by a variable neutral density filter disc 
and focussed on a continuously vibrated (50 Hz) fiber-optic cable to remove speckle 
noise. The de-speckled laser beam is expanded by a concave lens onto the back input port 
of the microscope. Fluorescence detection is performed by an ImagerQE CCD connected 
to the output phosphor screen of a HRI multi-channel plate (MCP) intensifier, both by 
Lavision GmbH (Göttingen, Germany). An Imager Compact camera (Lavision GmbH) 
installed on a second output port provides high resolution intensity images of the sample. 
The MCP gain and the AOM are driven by two phase-locked high-stability signal 
generators IFR2023A (IFR System - Aeroflex Inc., Plainview NY, USA) at a modulation 
frequency equal to 80.08 MHz with 16 phase-steps.  

The time-domain FLIM experiments were carried out on a two-photon laser scanning 
microscope that is based on a Mira900 mode-locked femtosecond Ti:Sapphire, pumped by 
a Verdi-V8 laser (both Coherent), and a TSC SP2 AOBS confocal microscope (Leica 
Microsystems Heidelberg GmbH, Mannheim, Germany). A custom-made filter wheel is 
connected to the output port of the scanning head and to the TD-FLIM detector, a MCP-
PMT (R3809U-50 by Hamamatsu Photonics, Sunayama-cho, Japan). The time-resolved 
fluorescence decays are acquired by time-correlated single-photon counting (TCSPC) 
using a SPC830 acquisition board and SPC-IMAGE software (Becker & Hickl GmbH, 
Berlin, Germany). The excitation of EGFP by two-photon absorption was accomplished 
by tuning the laser to 900nm. 

The EGFP, EYFPs and Alexa-594 fluorescence intensities were imaged using band-
pass filters 515/15 (peak wavelength / broadness in nm), 535/30 and 610/75, respectively 
(AHF Analysentechnik AG, Tübingen, Germany). 

FD-FLIM Calibration 
The calibration of the FD-FLIM is crucial in order to obtain the optimal measurement 

of the two lifetime estimations.  
Zero lifetime calibrations were performed by imaging a mirror positioned in the sample 

plane using a filter cube without filters. Subsequent time-drifts of the calibration-
parameters were continuously corrected using a scattering reference positioned at the 
automated reflector turret of the microscope. The automation of this standard procedure 
grants high stability and reproducibility of the measurements, but the calibration is 
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performed without the EGFP filter set. To compensate for the fixed phase-delay that the 
filter introduces (28) we estimated this parameter by measuring the EGFP lifetimes 
through one or two copies of the same filter. The difference (0.032 radians at 80.08 MHz 
modulation frequency) was taken into account in the analysis and is comparable with 
other estimations of filter insertion phase-delays using other procedures (28). Phase-
dependent images were acquired by gating the MCP with 1000 ps gating width or using a 
direct radio-frequency modulation of the MCP gain. The presented data did not differ 
between acquisition modes. In the following section, RF-mode phase-stacks are presented 
as this approach has the highest photon collection efficiency. 

Data analysis 
The data collected in the frequency-domain were analyzed by first-component Fourier 

analysis (25). Photobleaching correction (33) was performed by averaging a phase-stack 
acquired at incremental phase-delays with a stack acquired using a reverse phase protocol. 
During the writing of this manuscript an improved method for photobleaching correction 
was published (34). In our experiments, each image of the phase-stack was smoothed 
(averaging 3x3 kernel). This procedure did not affect the lifetimes in the images. Further 
LiMA analysis was performed using a custom-developed Matlab (Mathwork, Natick MA, 
USA) toolbox “ImFluo” that can be downloaded from the internet (www.quantitative-
microscopy.org/pub/lima.html). The image phase-stack was processed by first component 
Fourier analysis in which sine (Fsin) and cosine (Fcos) transforms of the image and the 
DC component (FDC) were computed. The phase-lag and the demodulation factors were 
estimated using: 
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The results of the Fourier analysis were always verified by direct fitting to a sine 
function. 

The time-domain data was fitted to single-exponential or constrained double-
exponential decays with SPC-IMAGE, while the stretched exponentials were fitted using 
ImFluo. Both the results were analyzed using the ImFluo toolbox. The stretched-
exponential function, the relationships used to estimate the average lifetime and its 
coefficient of variation are given in the Supplemental Material and are described in more 
details by (35). The time-domain data was always binned to reach an average photon 
count between 20,000 - 30,000 per pixel, allowing double-exponential fitting.  

The Global Analysis and LiMA fits were performed by linear regression both with and 
without data weighing (31,32). The errors in the fitted quantities were computed by error 
propagation (see Supplemental Material). The errors in the modulation and phase 
estimates were computed as the uncertainty of the fit parameters in the phase-stack 
analysis. Unless otherwise specified different, results from the non-weighed fits are 
presented.   

Sample preparation 
20µm carboxyl functionalized silica particles (PSi-20COOH) were purchased from 

G.Kisker GbR, Steinfurt, Germany, and covalently conjugated with a recombinantly 
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produced EGFP-Tau fusion protein.  The Tau protein is a natively unfolded protein which 
represents a good substrate for chemical labeling. The protein was produced using 
expression in Bl21DE3 bacteria from a pRSET-B (Invitrogen corp., Carlsbad CA, USA) 
expression construct and purified by hexahistidine-immobilized metal affinity 
chromatography (Talon resin by Clontech) according to the procedure provided by the 
supplier. 1ml of beads from the original stock was washed and resuspended in 1.2 ml 
MES buffer (50 mM, pH = 6.1). EGFP-Tau was cross-linked to the beads by the 
derivatization of the carboxyl groups to yield amine-reactive succinimide ester groups by 
addition of 150 µl of NHS (100 mM) and 100 µl of EDC (50 mM). The sample was 
incubated while rotating at room temperature for 15’ after which 2.8 µl of ß-
mercaptoethanol was added to quench the reaction. After incubating for 10’, the beads 
were washed three times with MES for 5' and resuspended with 900 µl EGFP-Tau (9 µM) 
in bicine buffer (bicine 50 mM, NaCl 100 mM, EGTA 1 mM, pH = 8.3). The particles 
were incubated with the protein solution while rotating for 20’ at room temperature 
followed by an overnight incubation at 4°C. The sample was subsequently centrifuged and 
the beads were washed twice for 10' with phosphate buffered saline (PBS) before being 
resuspended in 1 ml PBS. Binding of EGFP-tau was quantitative as judged by the loss of 
protein (280 nm) and EGFP (488 nm) absorbance in the supernatant of the reaction 
mixture. The resulting EGFP-Tau silica beads were stained mainly at the surface and their 
fluorescence intensities were comparable to typical (transiently expressed) EGFP levels in 
experiments on mammalian cells. Laser power and detector gains in the imaging 
experiments were similar to those used in biological samples.  

For Cy3 labeling of the conjugated EGFP-tau, the pellet of 100 µl aliquots of the 
protein-coated particles was resuspended in 50 µl bicine buffer and was stained with 
varying concentrations of Cy3 monofunctional reactive dye (Amersham Biosciences 
Europe GmbH, Freiburg, Germany) from a 10 mM stock solution in dry DMF. The 
labeling reactions were inverted continuously for 30’ allowing a homogeneous 
conjugation of the protein with Cy3 dye. The samples were finally washed several times 
with PBS to remove unconjugated dye and were resuspended in PBS. From the labeling 
titration experiment, the sample labelled with 40 µM of Cy3 reactive dye was found to 
result in an average labeling ratio of 2 Cy3/EGFP with an average FRET efficiency of 
about 30% (as detected in the frequency-domain). This preparation was chosen for the 
lifetime experiments as its FRET efficiency represent a realistic value that we frequently 
observe in biological samples.  

EYFP-I148V was generated by site-directed mutagenesis. EYFP and its mutant EYFP-
I148V were purified as described for the EGFP-Tau constructs. A 7 µl aliquot of 
EYFP/EYFP-I148V mixtures with different relative fractions of the two mutants were 
loaded in a 1536 multiwell plate for the imaging of their lifetime in solution.  

Human SHSY-5Y neuroblastoma cells were transiently transfected with a vector 
encoding GPI-anchored EGFP. The cells were subsequently (Ruonala M.O., van den 
Heuvel D., Gadella B., Verkleij A.J., Gerritsen H.C., and van Bergen en Henegouwen 
P.M.P, unpublished) rinsed and incubated for 5’ with ice-cold binding medium (RPMI/25 
mM Hepes/5% BSA) on ice. GM1 gangliosides were labeled by incubating the cells with 
1 µg/ml of Alexa594 conjugated Cholera Toxin subunit β in binding medium for 1 hour 
on ice. The cells were rinsed four times for 5’ with ice-cold minding medium, and fixed 
with ice-cold 4% formaldehyde in PBS. 
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The EGFP-Tau silica beads, the EGFP-Tau-Cy3 FRET model beads, and the SHSY-5Y 
preparations were mounted on coverslips in Mowiol.  

Theory 
In the analysis, a discrete lifetime distribution M=[τp,αp(τp)] is assumed in which αp’s 

are the weight parameters of each time decay (τp). In the frequency-domain, the measured 
phase-lag and demodulation factors are (8,25): 
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in which ω is the circular frequency. Equations 2c and 2d demonstrate the dependence 
of the phase-lag and demodulation on the lifetimes. 

In order to simplify the formalism, it is possible to substitute the following quantities: 

Eq.3a,b   ( )21; ppppp xyx +== αωτ  

with which we can write: 

Eq. 4a,b   ( ) ( )[ ] ( ) ( )[ ]2122;arctan ∑∑∑∑ +==
p pp ppp pp pp yxymyxyφ   

y= [xp,yp(xp)] represents the distribution of the weighed and normalized lifetime 
components. In general, the moment of a distribution is defined as: 

Eq.5   ∑=
p

n
ppn xyi  

The first moment of a distribution is its mean value (µ) while the variance (σ) is the 
second moment (I2) cantered on the mean (σ2= I2-µ2). It becomes clear by comparing 
equation 5 and 4a,b that the phase-lag and the demodulation factors can be expressed in 
terms of moments of the distribution y. Combining these relations and rewriting equation 
2c and 2d in the moment formalism, we obtain: 

Eq.6a,b   ( )[ ]211; 12
1

2
0101 −+===

−iixIiix mφ   

I1 is the first moment of the new distribution Y=[xp,yp(xp)/i0]. In other words, the phase 
lifetime estimation represents the average value of Y. The meaning of the lifetime 
retrieved from the demodulation is less obvious. For distributions like M and y it is 
straightforward to demonstrate (see Theorem 1 in Supplemental Material) that: 

Eq.7   022 1),0(0 iinniiM nnn −==⇒≥∀+= +  
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This is the relation between the nth moment of the M distribution and the nth and 
(n+2)th moments of the distribution y. The relation between i0 and i2 (Eq.7, n = 0) allows 
writing (see Supplemental Material): 

Eq.8   ( )[ ] [ ]{ }212
1

2
122 12 IIIIxm +−+=  

And therefore: 
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Equations 9 show the relation between the measured phase lifetime, the demodulation 
lifetime and the lifetime distribution. They demonstrate that: 

(i) the phase lifetime estimation is equal to the weighed mean lifetime whose 
distribution is Y, 

(ii) the modulation lifetime estimation is greater than the phase lifetime estimation and 
diverges as the distribution becomes more heterogeneous.  

This agrees with experimental data and with the commonly accepted interpretation of 
the discrepancy between the two estimations.  

Furthermore, this formalism allows the quantification of the heterogeneity of the 
distribution. It is possible to further simplify the formalism by writing: 

Eq.10   ( )2122 2σµ +≈mx  

this approximation holds for  a coefficient of variation of the distribution (CV=σµ-1) 
that is less than one (see Results). It is therefore possible to derive a heterogeneity 
estimator based on measured xm and xφ: 

Eq.11   ( )[ ]{ } 2122222 21212 σµσσφ ≈++=−
−xxm  

in which both the exact and approximated relations are shown. The variance, the CV 
and the second moment of the lifetime distributions can thus be estimated by: 

Eq.12a,b,c   ( )[ ] ( )[ ] ( )22
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Furthermore, in the presence of only two lifetimes, it is possible to derive a the linear 
relationship between the second and the first moment of the lifetime distribution of a two-
lifetime (x1,x2) system (see Theorem 2 in Supplemental Material): 

Eq. 13   ( ) 21212 xxxxI −+= µ  

This is an intrinsic property of the lifetime distribution weighing in frequency-domain 
detection. It physically explains the meaning of single-frequency measurement based 
Global Analysis and its linear graphical representation (see Results). 
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Eq. 9b and the approximations eq.10 and eq.13 present the main results of this work 
and allow application of lifetime heterogeneities to be used in FD-FLIM data analysis. 

Furthermore, comparing equations 1 and 6 it becomes clear that: 

Eq.14a,b   1
sin1

1
cos0 ; −− == DCDC FFiFFi  

Equation 14 and the relation between the zeroth and second moments of the lifetime 
distribution (see Theorem 1 in Supplemental Material) allow the derivation of a simple 
relation that links the normalized second moment of the lifetime distribution with the 
fourier coefficients: 

Eq.15   11 1
cos

1
02 −=−= −− FFiI DC  

By comparing equations 1, 14 and 15 it is clear that the noise in the second moment 
estimation is in the same order of magnitude as the phase lifetime noise, and less than the 
error in the computation of the modulation lifetime estimation. The second moment can be 
directly calculated from the experimental data using eq.15 or approximated using eq.12c.  

Results 

Lifetime heterogeneity resolution 
The fluorescence lifetime heterogeneity is commonly quantified by the difference 

between the phase- and the modulation- lifetime estimations in FD-FLIM at a single 
modulation frequency. Eq. 11 presents a quantitative estimator for lifetime distributions 
without the assumption of particular distributions.  

The LiMA of a two-component system is instructive because it highlights several 
properties of the method. The generalization to multi-component systems is 
straightforward. However, the analytical study of continuous distributions is somewhat 
complicated by difficulties in computing integrals. For this reason we here employed 
numerical integrations. Figure 1.A shows the true fluorescence lifetime population (M) 
used for simulations, which are carried out at a modulation frequency equal to 80 MHz. 
The two lifetime distributions are cantered at 3.0 ns and 2.0 ns and with standard deviation 
equal to 0.75 ns and 1 ns respectively. The relative fraction of the shorter component is 
varied between 0% and 100% in 10 steps, to investigate the behaviour of the lifetime 
heterogeneity. The simulated data sets were noise-free. Figure 1.B shows true standard 
deviation of the discrete fluorescence lifetime distribution (grey solid line), the LiMA 
based standard deviation using equations 15 (dashed) and the approximate LiMA 
estimator (eq.11a; circles). Figure 1D shows the same simulations for the two Gaussian 
lifetime distributions.  

The arithmetic difference of the phase- and modulation- lifetimes is commonly used as 
heterogeneity estimator (fig.1B,D,F; squares).  This enables only a qualitative 
understanding of lifetime heterogeneities, while the LiMA heterogeneity estimator 
correctly retrieves the lifetime heterogeneity. The mismatch with the true lifetime 
heterogeneity is due to the intrinsic weighing of the FD detection.  
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Fig. 1. Lifetime heterogeneity 
for two-component discrete, 
continuous and experimental 
systems. Panel A shows a 
two-component system with 
discrete lifetime components 
(dashed lines) of 2.0 ns and 
3.0 ns respectively, and a 
system with two continuous 
Gaussian lifetime 
distributions of different 
width cantered around the 
same lifetimes (continuous 
lines, CV=50% and CV=25% 
for the 2 ns and 3 ns 
component, respectively). 
Panel B, D and F show the 
standard deviation of the 
distributions obtained by 
mixing the two components 
with a relative fraction of 0% 
(only the longer component) 
to 100% in steps of 10%. The 
standard deviation of the true 
lifetime distribution (M, grey 
solid line), the standard 
deviation as computed by 
LiMA in its complete (eq.15, 
dashed line) and approximate 
form (eq.11a, circles) are 
shown. The difference of the 
phase- and modulation 

lifetime estimations is represented by diamonds, and represents a frequently used 
heterogeneity estimator. Panel C and E show the phase- and modulation- lifetime 
estimations (dashed lines, τm is always greater than τφ) and their average 
(diamonds). The true average lifetime (grey solid line) is in good agreement with 
the values computed with LiMA (circles). Panels E and F show the experimental 
results from the lifetime determination of a mixture of two different EYFP mutants 
exhibiting lifetimes of ~2 ns and ~3 ns and widths (CV) of about 50% and ~20%, 
respectively. Dashed lines represent τφ, τm (Panel E) and the standard deviation 
(Panel F) for the different relative fractions that were predicted from measurements 
of the two unmixed EYFP mutant components. The lifetime and standard deviation 
calculated by LiMA are in good agreement with the predicted values. 
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Figure 1C shows lifetime estimations computed with the Gaussian distribution. The 
lower and upper dashed curves represent the phase- and modulation-lifetime estimations 
respectively and their average is indicated by squares. The real average lifetime (M1), 
computed from the true lifetime distribution (grey solid line) approximates the modulation 
lifetime, because of the simulated high heterogeneity. In general, the real average lifetime 
will lie between the two measured fluorescent lifetimes. The Gaussian distributions are 
positively skewed by the frequency-domain weighing factors y. If, however, pure 
Gaussian distributions are assumed than the average and standard deviation can be 
conveniently described by the moments of the Gaussian distributions. Using Gaussian 
distributions together with equation 7 (n = 1) and eq.15, the following expression for the 
true average lifetime estimator (τbest) can be derived (see Supplemental Material): 

Eq.16    ( )[ ]1
2

2 121 −++= Ibest σττ φ  

Figure 1C shows this estimator (circles); eq.16 holds for Gaussian distribution and for 
coefficient of variation less than 1 (see Supplemental Material). Different assumptions 
regarding the distributions will result in different relationships and estimators.  

Figure 1E, F shows the same quantities as in panels C and D, but now on experimental 
data. Two EYFP mutants were mixed in order to vary the average lifetime and its 
heterogeneity. EYFP has an average lifetime of ~ 2.9 ns with a width of ~0.6 ns as 
estimated by LiMA. EYFP-I148V exhibits a reduced lifetime (~1.9 ns) and an increased 
heterogeneity (~0.9 ns). The experimental data (fig.1E,F) follows the same behaviour as 
the simulations (fig.1C,D). Furthermore, by the use of reference lifetime values measured 
in the presence of only a single component, it is possible to predict the lifetime 
heterogeneity as a function of the relative fraction of the two mutants (panel F, dashed 
line). The LiMA heterogeneity estimator (panel F, squares) is in excellent agreement with 
the experimental data, thereby demonstrating the validity of the models. 

LiMA on pixel ensembles: a two-component system  
LiMA can be performed on the complete pixel ensemble under the assumption of 

spatially invariant lifetimes.  
Defining: 

Eq.17   
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it is possible to write, on a pixel-by-pixel (p,q) basis, the following relationship for a 
two-component system: 

Eq.18   [ ] [ ] bqpaxqpI −= ,,2 φ  

The second moment depends linearly on the mean lifetime so that I2 can be plotted 
versus xφ for each pixel and the obtained distribution can be fitted with a linear model. 
The fitting parameters a and b are the sum and the product of the two lifetime components 
respectively, and they can be inverted to obtain: 
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Eq.19   ( ) ⎥⎦
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where x2 is the smaller (faster) component. Because xφ is again the average of x with 
the distribution Y, the fraction map of each component can be built with the two resolved 
lifetime components according to the following formula: 

Eq.20   ( )( ) ( )( )[ ] 1
221

2
121 11 −+−+−= Ixxxxµα  

Eq. 20 is obtained by inversion of equation 6a, substitution of the moment definitions 
and by using equation 7.  Renormalisation of the fractions by their quantum yields and 
correcting for the wavelength dependent instrument response yields the true molecular 
fractions of both species.  

 
Fig. 2. Comparison of 
solutions of a two-
component lifetime system 
(2.5 and 1.5 ns) by Global- 
(dashed line) and Moment- 
(solid line) Analysis as a 
function of modulation 
frequency. The simulations 
are carried out without 
data weighing at a 
modulation frequency of 80 
MHz. GA is slightly more 
accurate at higher 
frequencies but diverges 
faster than LiMA at low 
frequencies. Below 
~40MHz, both analysis 
methods diverge as both 
models fail. This point 

matches with the limiting modulation frequency for correct estimation of lifetimes 
as predicted by LiMA (dashed vertical grey line). Inset A shows the simulated 
pattern where the relative fraction (α1) of the 1.5 ns component is varied from 0% 
to 100%. Inset B shows the corresponding LiMA estimation that correctly retrieves 
the simulated pattern. When LIMA analysis is performed with data weighing, 
similar results are obtained but without the slight underestimation present in the 
non-weighed data (not shown). 

Fig. 2 shows the application of LiMA to a simulated pixel ensemble. The simulation 
was performed on a 48x48 two-dimensional pattern with a gradient of populations as 
shown in inset A. The bottom-left corner (black) represents a point in which only the slow 
component (set to 2.5 ns) is present, while the top-right part of the pattern (white) only 
contains the fast component (1.0 ns). Using these two lifetimes and relative fractions, an 8 
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image phase-stack was generated. Poissonian noise was injected at a phase-dependent 
level corresponding to an average count of 8000 counts per pixel. This means that the 
average image of the phase-stack has ~8000 counts per pixel.  

The inset B of fig. 2 shows the pattern obtained for the simulation at a modulation 
frequency of 80 MHz. The reliability of the frequency-domain analysis and the amount of 
fluorescence signal required to realize a specific accuracy in the lifetime depends on the 
ratio of the lifetimes and the modulation frequency (36). To verify the effect of the 
modulation frequency on the analyses we ran simulations from 10 MHz to 100 MHz in 
100 steps to represent the typical FLIM experimental region. The graph in fig. 2 shows the 
estimations of the simulated two lifetime components using Global Analysis (dash-dotted 
line, using the graphical algorithm) and LiMA (dashed curve). Both methods yield 
accurate lifetime values (solid black lines) at sufficiently high modulation frequencies. At 
very high modulation frequencies (>100 MHz, data not shown) both methods yield a 
small underestimation of the two lifetimes. The curves shown in Fig. 2 are the average of 
50 simulation runs. Simulations with different lifetimes, photon counts, phase-steps and 
data weighing yielded consistent results.  

Lifetime Moment- and Global- Analysis 
In recent years, global analysis (GA) has been applied to the interpretation of multi-

frequency and single-frequency (30,31) FLIM data. The GA algorithm applied to single-
frequency data minimizes: 
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where A and B are defined as: 

Eq. 22a,b   ( ) ( )iiiiii MBMA φφ ∆=∆= cos;sin  

Eq. 22c,d   ( ) ( )∑∑
=

−

=

−
+=+=

Q

q
qiqi

Q

q
qiqqi BA

1

122
,

1

122
, 1;1 τωατωαωτ  

These definitions match those of the zeroth and first moments. The χ2 minimization in 
the global analysis fit thus serves to vary lifetime and relative population until the 
measured and calculated pixel-by-pixel moments match. This iterative minimization is 
carried out in LiMA by a linear fit.  

Interestingly, the moment analyses allows to estimate the minimum modulation circular 
frequency required for resolving two lifetimes in Global Analysis. Using eq.13 it is 
possible to estimate this frequency (see Supplemental Material): 

Eq. 23   1−≥ τω ωK  

with τ  being the average lifetime of the two-components and Kω a constant with value 
0.375. In the example of Fig. 2, Eq. 23 yields a minimum modulation frequency of 34 
MHz, a value consistent with the simulations. This value is congruent with the previous 
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literature. In fact, the retrieval of the phase- and modulation- lifetime estimations is 
optimal for Kω = 0.11 and Kω = 0.22 respectively (36). However, this analysis did not deal 
with two-component systems. 

During the writing of this manuscript, a graphical FLIM analysis method for FD-FLIM 
data was published (32), in which a two-component system was analyzed by a linear fit of 
the FLIM data. The algorithms used earlier for single-frequency GA and for the linear 
regression of the fit are similar. The theoretical background and the physical quantities 
fitted in the LiMA and in the GA-derived statistical analysis are different. However, 
careful comparison between the two formalisms reveals the equivalence of the two 
methods.  

The parameters fitted on a pixel-by-pixel [p,q] basis by Clayton and colleagues are A 
and B (equations 22). Here, the slope and offset are related to the two-lifetime components 
by: 

Eq. 24a,b,c   
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The mathematical equivalence of LiMA and GA can be demonstrated using equation 
18. To this end, the second moment and the phase-lifetime need to be substituted by eq.6 
and eq.15. Renaming subsequently i1,i0 to B and A, gives: 

Eq. 25   ( )[ ]BbaA 111 −+= −  

from which the relation between the fit parameters u,v in eq.24a and the LIMA 
formalism becomes clear. 
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The moment formalism thus offers a complete theoretical understanding of the global 
analysis and provides additional powerful tools like the pixel-by-pixel heterogeneity 
estimator.  

A comparison between Moment- (dash-dotted line) and Global- (dashed curve) 
Analysis is also shown in fig. 2. Here, no data weighing factor was taken into account in 
the fit procedures. Both methods allow the estimation of the simulated lifetime 
components (solid lines) down to the lower limit of the modulation frequency that no 
longer supports reliable detection of lifetimes. At higher frequencies both methods tend to 
give underestimations of the two real lifetimes.  

The Global Analysis results appear better for higher modulation frequencies but diverge 
before LiMA in the lower frequency region. When data weighing is taken into account, 
GA and LiMA perform equally well. Both methods converge to the same lifetimes as in 
the non-weighed cases, but without the lifetime underestimation. Data weighing allows 
both methods to converge at better results, but at cost of a less efficient implementation of 
the algorithms.  

In the experimental comparison between LIMA and GA comparable correlation 
coefficients, standard errors and χ2 were obtained for the weighed fits.  
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A constrained two-component system FRET model 
A two-component system exhibits three degrees of freedom; the two different lifetimes 

and the relative fraction of the two populations. In general it is theoretically and 
practically impossible to resolve the system on a pixel-by-pixel basis with a single-
frequency measurement. However, in FRET efficiency measurements, it is possible to 
constrain the system and remove one degree of freedom (33). If we consider a donor 
fluorescent molecule with a constant lifetime τ0, a fraction of donor molecules that 
exhibits FRET α and a FRET efficiency ε, the entire system is governed by two variables, 
α and ε. With only two degrees of freedom, the mathematical problem is closed at each 
pixel location. Using the moment formalism α and ε can be solved:  

Eq.27a,b 
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Understanding of the error propagation of α and ε is useful for a proper data 
interpretation. Using the moment formalism, it is possible to arrive at an analytical 
description of the minimal FRET fraction and FRET efficiency that produce statistically 
significant estimations. To visualize the effect of the noise in the lifetime detection on the 
estimation of α and ε, we simulated an 8 image phase-stack of a 2.5 ns lifetime 
fluorochrome, at a modulation frequency equal to 80 MHz. Here, poissonian noise was 
injected as described before at an average count of 1000 and 16000 photons per pixel. 
With these parameters, the simulated phase and modulation lifetimes exhibit coefficients 
of variations greater than 4% and 1% respectively, values that are achieved in practice 
with biological samples in our setup. 

The results are presented in fig.3 in which FRET fraction (top-row) and efficiency 
(middle-row) patterns of 48x48 pixels are plotted. These two-dimensional distributions 
map all possible combinations of populations and efficiencies. The simulated patterns 
before noise addition are shown in the right column. The bottom row presents the average 
(FRET efficiency and fraction) percentual deviation of the estimated patterns from the 
ideal case and thus represents the goodness of the constrained model. For all patterns 
shown in fig. 3, black represents 100% and white 0%. The noise in the results is caused by 
the poissonian noise that is injected into the simulated experimental conditions. The model 
only fails under conditions close to a single component situation, i.e. in the absence of a 
species (α = 0 and/or ε = 0) which undergoes FRET, causing deviations equal or greater 
than unity. These are pixels with a lifetime close to the non-FRET species.  

The analytical study of the errors in the estimation of α and ε is complicated. However, 
by using equations 12 it is possible to simplify the formalism and to obtain the limiting 
solutions (α  0, ε2  0). It can be shown that the errors diverge to infinity as: 

Eq. 28a    21 −− εατCV  

where CVτ is the coefficient of variation of the measured lifetime. 
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Fig. 3. Simulation of a constrained two-component FRET system with added 
poissonian noise. The coefficient of variation in the lifetime (CVτ) is greater than 
1% for the results presented in the left column and 4% in the middle column. The 
first and second rows show the fraction of molecules undergoing FRET (α), FRET 
fraction) and the FRET efficiency (ε), respectively.  These values were estimated 
from the analytical solution of the constrained two-component system. The original 
simulated patterns prior to the addition of noise are shown in the right column. In 
all panels, black and white indicate 100% and 0%, respectively,. The gradients are 
only partially resolved due to the noise content. The noise in the estimations 
increases at low FRET efficiencies and FRET fractions. This is emphasized in the 
bottom row which shows the average absolute difference between the simulated α 
and ε and their estimated values in the constrained two-component system analysis. 
The curves represent lines of equal noise as derived by LiMA (see text for a detailed 
description). The white-dashed line (Knoise=1) represents the limit of convergence of 
the technique. Higher (ε,α) values are necessary to obtain statistically significant 
estimations.
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Equation 28a can be used to plot the constant noise contours shown in fig. 3 
(bottom-row): 

Eq. 28b   ταε CVKnoise=2  

Knoise is the factor that allows the parameterization of the iso-noise curves. The lower 
panels of fig. 3 show the plots of equation 28b with Knoise = 1 (white dashed line) and Knoise 
= 0.1 (black dashed line). The first line (Knoise = 1) separates the (ε,α) plane in regions in 
which the system cannot be solved (lower values of ε and α) and where the estimates of 
FRET efficiency and fraction converge to the simulated values (higher values of ε and α).   
This allows one to estimate that, under the conditions of the simulations, minimal FRET 
efficiencies in the range of 10-20% are required to resolve the FRET population. This is a 
realistic level under normal experimental conditions. The limits to the fraction size of the 
species which exhibit FRET are less strict. These limits can be obtained by using equation 
28b with Knoise=1:  

Eq. 28c   ττ αε CVCV itit == limlim ;2
1

 

The lifetime noise content (36,37) can be measured and related to the detected number 
of photons (N) resulting in a figure of merit (FoM) of the detection system (CVτ = FoM 

21−N ).   
The analytical solution of this FRET model (33), presented in the moment formalism by 

equation 27, is based on the assumption of discrete lifetime distributions. Lifetime 
heterogeneity invalidates the model and limits its applicability. Figure 4 (bottom panel) 
shows a simulation of such a FRET model with a control (no acceptor present) lifetime of 
2.5 ns and 30% (CV) heterogeneity. For the short (FRET) lifetime the same heterogeneity 
was used. Three FRET efficiencies were simulated: 30% (blue lines), 50% (green lines) 
and 70% (red lines). These values were kept constant while changing the fraction of 
molecules which exhibit FRET from 0% to 100%. The results of the analytical solution 
(dashed lines) presented above do not match the simulated FRET efficiencies in the 
presence of heterogeneity. Furthermore, these estimations show a high degree of 
correlation with the fraction of molecules that undergo FRET, a noticeable trend to 
overestimate the FRET efficiency and a marked divergence towards FRET efficiencies 
exceeding 100%.  

In a control experiment (only donor) it is possible to measure both the average lifetime 
and the lifetime heterogeneity. We derived an analytical solution that uses this information 
to correct for the donor heterogeneity contribution in the FRET efficiency estimation:   

Eq. 29a,b   
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Where τbest-ctrl is the control lifetime obtained from equation 16, i0 and i1 the moments of 
the sample lifetime, and (c)i0 and (c)i1 the moments measured on the control. Here, µC does 
not represent a lifetime estimator anymore but a parameter that, together with eq.29b, 
allows estimation of the real FRET efficiencies. These corrections do not require more 
control experiments than in typical FRET measurement. As shown in the simulation in 
figure 4 (solid lines), this estimator faithfully reproduces the simulated FRET efficiencies. 
A thorough description of the derivation of eq.29 is presented in the Supplemental 
Material.  

However, the LiMA FRET efficiency estimator does not take into account the lifetime 
heterogeneity of the FRET component. At high heterogeneities (CV > 50%) this causes an 
underestimation of the FRET efficiency (data not shown). However, at all levels of 
heterogeneity, the LiMA FRET estimator eliminates the erroneous correlation with the 
fraction of molecules undergoing FRET, and returns interpretable quantitative results. 

The new LiMA-based estimators (eq.16 and eq.29) were tested in a biological model. 
Human SHSY-5Y neuroblastoma cells expressing a GPI -anchored EGFP were incubated 
with CholeraToxin-Alexa594.  The GPI modification targets the EGFP to outer -
membrane lipid micro domains, also know as lipid rafts. The cholera toxin binds to GM1 
gangliosides that may be incorporated into the same micro domains. Their simultaneous 
recruitment in the same micro domain is expected to result in FRET between the two 
fluorophores (38,39). 

Figure 4 shows (top row) the colocalization of the two raft-resident probes and the 
average EGFP lifetime map obtained by FD-FLIM. The upper cell in the cluster exhibits 
reduced lifetimes due to FRET. 

The analytical solution described by (33) and the moment formalism given by eq. 27  
cannot resolve the FRET efficiencies and  fractions (fig.4, middle row). 

 
Fig. 4. (next page) Biological application of the LiMA FRET estimator. Human 
SHSY-5Y neuroblastoma cells were transiently transfected with GPI-anchored 
EGFP (green in colocalization panel) construct and incubated with CholeraToxin-
Alexa594 (red in colocalization panel). The donor lifetime map of the cell exhibiting 
extensive colocalization (yellow color) reveals areas with significant FRET (low 
lifetimes, warmer colors). The inset shows a cell that was not incubated with the 
CholeraToxin-Alexa594 FRET acceptor exhibiting control donor lifetimes. The 
standard algorithm (second row) for the determination of FRET population and 
efficiency does not converge to a solution. The LiMA FRET estimator (third row), 
takes lifetime heterogeneity into account, and allows the estimation of the FRET 
efficiency and fraction over most of the cell. The insets in the second and third 
panel show the regions in which both methods give physically relevant results 
(white) as defined by FRET efficiencies and fractions above 0% and below 100%, 
and regions in which the methods fail (blue <0% and red >100%). The estimations 
are overlayed with the intensity image for morphological comparison. The lower 
panel shows simulations that are performed with a heterogeneity of 30% that show 
how the LiMA FRET estimator (solid lines) compares with the standard analysis 
(dashed lines). Simulations were carried out for FRET efficiencies equal to 30% 
(blue), 50% (green) and 70% (red). 
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The insets show the estimations that are above 100% (red pixels) and below 0% (blue 
pixels). In these regions, the results of the analyses have no physical meaning. The use of 
the LiMA estimators (fig.4, bottom image row) enables the quantification of the FRET 
efficiencies and the fraction of interacting molecules (61 ± 18 % and 47 ± 18 % 
respectively). The model fails only in regions where the sample does not undergo FRET, 
i.e. in the lower two cells.  

LiMA on fluorescent beads 
In order to independently verify the relevance of the estimations of the present theory, 

we measured the lifetimes of EGFP-conjugated silica beads with and without Cy3 labeling 
in the frequency- and in the time- domain. The FLIM instrumentations used differ 
considerably; FD-FLIM was performed using a wide-field microscope and TD-FLIM was 
performed using a laser scanning two-photon excitation microscope. The time domain 
measurements served to produce ‘independent’ reference lifetime values for the donor in 
the absence of the acceptor and in the presence of the acceptor. All the images were 
binned in order to obtain ~20’000 photons per pixel. The results of the comparison are 
summarized in table 1.  

 

Table 1a Lifetime (ns) CV (%) CV increase 
 TD FD TD FD TD FD 
Control 1.90±0.06 1.95±0.03 23±8 36±4  
Bleached 1.40±0.06 1.40±0.03 39±8 58±3 1.7 1.6 
Non-bleached 1.74±0.06 1.64±0.04 27±10 50±3 1.2 1.4 
 
Table 1b ε (%) α (%) 
 TD FD TD FD 
Bleached 56 ±4 69±3 52±5 45±3
Non-bleached 61±10 71±4 22±4 28±3
  

Table 1. Experimental comparison of TD- and FD- FLIM data analysis. Average 
values refer to the fluorescent bead experiments of figure 5. The errors are 
presented as standard deviations. Abbreviations: CV coefficient of variation. 

A single exponential fit of the time-domain data revealed a control EGFP lifetime of 
1.97 ± 0.04 ns (mean±standard deviation), while stretched exponential fitting yielded 1.90 
± 0.06 ns with a coefficient of variation of the distribution of 23 ± 8 %. The average 
lifetime in the frequency-domain was 1.95 ± 0.03 ns with a coefficient of variation 
estimated by LiMA of 36 ± 4 %. In the control experiment, the spatially invariant 
approximation holds because of the presence of a single fluorochrome. However, in the 
frequency domain the moments analysis on the pixel statistical ensemble revealed a long 
lifetime component of 2.14 ± 0.03 ns (errors propagated from the experimental 
uncertainty), corresponding to the typical EGFP fluorescence lifetime, and a short (360 ± 
5 ps) component. This is caused by a low but significant amount of background 
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fluorescence that is not detected in the two-photon excitation time-domain measurements. 
The difference may be due to the difference in excitation mechanism and detection 
volume. 

A bead exhibiting FRET is shown in fig. 5. The top row presents the intensity images 
obtained using two-photon excitation single-photon counting and with single-photon 
excitation employing a CCD camera. The acceptor fluorochrome was partially bleached 
on the right-hand half of the fluorescent particle using a 561 nm laser. Here a partial 
recovery of donor fluorescence can be observed as a result of a concomitant loss of FRET. 
The second row of fig. 5 shows the average lifetime maps as measured in the time- (left) 
and frequency- (right) domain. The former lifetime map is computed by a constrained 
double-exponential fit. One of the two lifetimes was fixed at the control value. 

 
The FD-FLIM lifetime map is the average of the phase- and modulation- lifetimes. The 

retrieved estimations of the FRET efficiency and fraction are presented in the two lower 
images (left column). The average lifetime in the time-domain was 1.40 ± 0.10 ns and 
1.65 ± 0.20 ns in the bleached and non-bleached areas, respectively. The FRET 
efficiencies were 56 ± 4 % and 61 ± 10 % and the relative populations were 52 ± 5 % and 
22 ± 4 %, respectively. From this data, it is clear that photobleaching of the acceptor 
mainly affects the fraction of molecules that is involved in FRET and not the FRET 
efficiency. 

The stretched exponential fit of the TD data yielded estimations of the distribution 
broadness of 39 ± 8 % and 27 ± 10 % (coefficient of variation) and lifetimes of 1.40 ± 
0.06 ns and 1.74 ± 0.06 ns. Even though the broadness estimator is relatively noisy, it 
reveals a higher heterogeneity in the non-bleached region caused by a more heterogeneous 
mixture of molecules with respect to the control situation (23 ± 8 %), i.e. molecules which 
exhibit FRET and those that do not. 

The FD pixel-by-pixel moments analysis (fig. 5, right column), showed results 
consistent with the TD. The average lifetimes were 1.40 ± 0.03 ns and 1.64 ± 0.04 ns with 
a coefficient of variation retrieved by LiMA of 58 ± 3 % and 50 ± 3 % for the non-
bleached and the bleached regions respectively. This estimator again demonstrated higher 
heterogeneity with respect to the control case (36 ± 4 %). 

Both LiMA (FD) and the stretched exponentials (TD) analysis revealed an increase of 
1.6-1.7 fold of the measured fluorescence lifetime heterogeneity due to the presence of 
FRET induced multiple lifetimes. Furthermore, the LIMA based FRET efficiencies in 
non-bleached and bleached regions were 69 ± 3 % and 71 ± 4 % with populations of 45 ± 
3 % and 28 ± 3 % respectively. Therefore, also the frequency-domain results indicated 
that the change in lifetime is mainly due to a modulation of the molecular fraction 
exhibiting FRET rather than of the energy transfer efficiency. The analysis showed that a 
spatially-invariant two-component lifetime approximation can be applied in this case.  

The two-component system can be analysed by LiMA and Global Analysis fitting 
(eq.18 and eq.24a) of the pixel ensemble (fig. 6, solid line). The long and short lifetimes 
amount to 2.16 ns and 0.68 ns for LiMA, and 2.16 ns / 0.71 ns for GA; this is consistent 
with the presence of a single molecular FRET-state with an absolute energy transfer 
efficiency of around 70%. 
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The slow decay component is statistically equal to the one retrieved by LiMA in the 
control sample. The LiMA correlation coefficient and standard error of the estimate are 
0.98 and 0.013 respectively, and for the Global Analysis 0.90 and 0.012. 

 

 Fig. 5. Comparison of 
Time-Domain (left column) 
and Frequency-Domain 
(right column) FLIM 
images of the same EGFP-
Cy3 labeled silica beads. 
Silica beads were 
covalently conjugated with 
an EGFP-fusion protein 
that was subsequently 
labeled with Cy3 to 
constitute a defined FRET 
couple. The top images 
show the fluorescence 
intensity distributions of 
the EGFP donor acquired 
by single-photon counting, 
two-photon excitation 
imaging (left) and CCD 
camera-based wide-field 
imaging (right). The second 
row shows the 
corresponding average 
donor lifetimes measured 
in the time- (left) and 
frequency- (right) domain. 
Images of the fraction of 
molecules undergoing 
FRET (FRET fraction) and 
energy transfer efficiency 
are shown in the lower two 
panels. These parameters 
were retrieved by standard 
fitting of a constrained bi-
exponential decay in the 

time-domain and by LiMA in the frequency-domain experiment. All results are 
shown in false color representation; ranges are indicated in the color bars. 

The reduced χ2 of the weighted fits is equal to 1.79 and 1.85 for GA and LiMA 
respectively (see Data Analysis and Supplemental Material).  Fig. 6 shows the Moment- 
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(upper panel) and the Global- Analysis (lower panel) fit of the data set (grey circles) 
presented in fig. 5. The second and the first moments of the lifetime distribution are 
linearly dependent as predicted by the theory. A simulation (black circles), performed as 
previously described with an average photon count equal to 4000 and with a 20x20 
pattern, is overlaid to the experimental points. The simulated data set was in excellent 
agreement with the experimental values.  

 

Fig. 6. Moment- and Global-
Analysis of the experimental 
data shown in Figure 5. The 
upper panel shows simulated 
data and the experimental data 
points for the experiment shown 
in Figure 5, analyzed by LiMA 
(upper panel) and Global 
Analysis. Linear fits (solid black 
line) of the experimental data 
(grey circles) and simulated 
data (black open circles) are 
shown. The first and second 
moments of the lifetime 
distribution, as estimated by 
LiMA, are linearly dependent. 
This compares to the A and B 
parameters that are fitted by the 
GA algorithm. The simulations 
(black circles) are in good 
agreement with the 
experimental data. The 
standardized fitting residuals of 
the experimental data for both 
methods are shown in the 
corresponding insets. 
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Discussion 

Lifetime heterogeneity resolution  
TD- and FD- FLIM can resolve, in principle, an arbitrary number of complex 

exponential decays. In practice, imaging in the frequency-domain is usually performed at 
a single excitation modulation frequency and on a wide-field microscope. On the other 
hand, time-domain microscopes are often built around laser scanning microscopes and the 
collection of a sufficient number of photons to fit a double exponential decay requires 
very long acquisition times with typical biological samples. Fitting with stretched 
exponentials seems to be a good alternative for time-resolved data; it allows the estimation 
of the average and variance of complex continuous lifetime distributions at comparatively 
low signal levels. 

The introduction of the LiMA heterogeneity estimator for frequency-domain 
measurements offers an analogous advantage. Because this parameter refers to the 
weighted distribution of lifetimes, it is frequency-dependent, but offers a quantitative 
estimator of the lifetime distribution broadness.   

We demonstrated how the moment formalism can be used to define estimators for the 
average lifetime and for FRET efficiencies that minimize artefacts due to fluorescence 
lifetime heterogeneity. The heterogeneity analysis by LiMA is not restricted to discrete 
two-component lifetime systems but allows estimation of the width of any lifetime 
distribution.  

Importantly, the coefficient of variation obtained by LiMA is compatible with all 
standard implementations of frequency-domain lifetime imaging. The average lifetime (or 
the newly defined estimator for the true average lifetime) in combination with the lifetime 
heterogeneity estimator and bi-dimensional histograms (τm plotted versus τφ) are a 
powerful method to present and analyze FD-FLIM data.  

The model is validated by in vitro experiment and simulations. The heterogeneity can 
be predicted (fig.1F, dashed line) by the use of control values (α = 0% and α = 100%) and 
experimental observations (circles). 

LiMA on the pixel ensemble 
Global Analysis of FD-FLIM data offers the possibility to extend quantitative 

measurements to multi-component systems. Moreover, GA of single-frequency FD data is 
compatible with most FD setups. 

We demonstrated that the Lifetime Moments Analysis of the entire pixel ensemble is 
formally equivalent to the single-frequency Global Analysis approach. Previously, a 
different moments analysis framework was introduced by (40) to investigate multi-
frequency data in the frequency-domain. This formalism, however, cannot be extended to 
single-frequency measurements and is not related to the formalism presented here.  

The LiMA formalism enables the complete understanding of Global Analysis at a 
single-frequency. The LiMA algorithm fits (FDCFcos

-1-1) vs (FsinFcos
-1), while the GA fits 

(FsinFDC
-1) vs (FcosFDC

-1). The different noise-sensitivities of these quantities cause a 
difference in robustness between the two fit procedures (fig. 2). 

At frequencies too high for reliable fluorescence lifetime detection (ωτ>1), both 
methods underestimate the two lifetime components. The GA diverges to higher lifetime 



UNIT 1 – THEORETICAL DEVELOPMENTS 

 59 

values at low frequencies, but it better approximates the global lifetimes at intermediate 
frequencies. In the same region, LiMA offers a slight underestimation of the real values. 
Overall, GA appears to be slightly more accurate, however LiMA extends its window of 
high robustness to lower frequencies where GA rapidly loses reliability. Interestingly, the 
LIMA formalism allows estimating the minimal modulation frequency required to resolve 
a two-component system (ωτ > 0.375). Data weighing requires CPU expensive 
algorithms. LiMA seems to be more robust at high signal levels. 

In our experiments LiMA turns out to be useful for on-line pixel-by-pixel and pixel 
ensemble analysis. Further data analysis can be carried out with both LiMA and GA (see 
www.quantitative-microscopy.org/pub/lima.html).  The simulated data (fig. 6, black 
circles) accurately matched the experimental data points (fig. 6, grey circles) thereby 
validating the theoretical background and the previous simulations (fig. 2).  

A constrained two-component system FRET model 
The analytical relation between the phase- and the modulation- lifetime estimation can 

be employed to analyze a constrained two-component system such as a FRET sample with 
a component (33) that exhibits FRET and a non-FRET component. The LiMA formalism 
offers the possibility to study the applicability and reliability of two-component systems. 
In particular it allows estimating the minimal signal-to-noise ratio that is required to 
resolve the FRET efficiency and fraction. We showed how this method can be applied 
experimentally by comparing FD-FLIM LiMA with the results obtained from time-
domain measurements and demonstrated how the results of the two techniques converge 
(fig.5 and table 1). This method allows filling the gap between wide-field single-frequency 
FD-FLIM and time-correlated single-photon counting (or multiple-window time-gating) 
TD-FLIM, to be filled. Both methods require knowledge of the lifetime in the absence of 
FRET that can be easily obtained experimentally from a reference sample. Global-analysis 
assumes spatially- (and frequency-) invariant lifetimes. For a sample that exhibits FRET 
with variable FRET efficiencies, this is not a reasonable assumption.  

Furthermore, by avoiding iterative or multi-step approaches, the analytical approaches 
such as LiMA allow fast (real-time) analysis of FD data. The pixel-by-pixel moments 
analysis allows the unambiguous discrimination between differences in intermolecular 
interactions and the amount of molecules that exhibit FRET versus those that do not 
exhibit FRET.  

Finally, we introduced a model that takes into account, and corrects for, lifetime 
heterogeneity. The model allows the reliable retrieval of quantitative information on 
FRET efficiency and fraction.  

It can be successfully applied in cases where the intrinsic heterogeneity of the donor 
lifetime or of the FRET process causes the previously reported analytical solution to fail, 
as shown in figure 4 for a biological application. The LiMA-based FRET estimator avoids 
artefacts connected to the departure from an ideal discrete two-component system. 
Furthermore it allows the proper evaluation of intrinsically heterogeneous FRET pairs 
like, for instance, the popular CFP-YFP pair.  
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Conclusions 
We introduced the moment formalism to analyze fluorescence lifetime data acquired in 

the frequency-domain. So far this development elaborates on well established data 
analysis methods for the frequency-domain. However, other moments analysis based 
estimators may be developed that allow further refinement of the analysis of lifetime data.  
The main findings of this work are the analytical dependence of the phase- and the 
modulation- lifetimes on the lifetime heterogeneity and the linear relation between the 
second and the first moments of the FD weighted lifetime distributions. The latter explains 
single-frequency Global-Analysis with physical quantities, allowing a better 
understanding of the method. The former enables the quantitative description of the 
lifetime heterogeneity. Furthermore this theoretical framework allows the analysis of 
errors for a FRET two-component system and for single-frequency Global Analysis. 
Previous attempts to obtain analytical solutions were unsuccessful. We demonstrated how, 
based on specific assumption of the lifetime distribution, the contribution of the lifetime 
heterogeneity to the error in the determination of for instance the average lifetime can be 
minimized. 

More general, LiMA allows quantification of lifetime heterogeneity on a pixel-by-pixel 
basis without specific assumptions of the lifetime distribution. In this respect, LiMA can 
be used in the frequency-domain in a similar way as stretched-exponential fits in time-
domain data analysis. Furthermore, we introduced LiMA estimators for the average 
lifetime and the FRET efficiencies in heterogeneous systems in which previously defined 
estimators did not allow a proper quantification of these parameters. 

In conclusion, Lifetime Moments Analysis offers theoretical and practical tools for the 
understanding and quantification of Fluorescence Lifetime Imaging Microscopy data in 
the Frequency-Domain. 
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Chapter 4 – Insights into the photophysics of a FRET pair: FRET-
incompetent fraction, FRET frustration, sensitized photobleaching 
and molecular cross-correlation (MXC). 

 

Abstract 
Förster Resonance Energy Transfer (FRET) is the non-radiative transfer of excitation 

energy from a donor- to an acceptor- chromophore. The quantum yield of the FRET 
transition is commonly called the FRET efficiency (E) and strongly depends on the mutual 
orientation and distance of the two chromophores (Clegg, 1996; Esposito et al., 2004). E 
also depends on the availability of acceptors in the ground state. If the acceptor is 
saturated, i.e. when all acceptor molecules in the proximity of the donor are in the excited 
state, no FRET can occur. Only a few publications are available that describe this topic. 
FRET frustration corresponds to a two-photon absorption event and therefore can be 
exploited to obtain high axial resolution in microscopy (Hänninen et al., 1996; Schönle et 
al., 1999). Also, a recent review (Jares-Erijman et al., 2003) anticipates the possibility of 
quantifying FRET efficiencies by inducing FRET frustration through direct acceptor 
excitation. FRET frustration has also been used indirectly to perform cross-correlation at 
the molecular level (Braun et al., 2003), i.e. generating the product of two periodic signals 
by the energy transfer transition. However, these non-linear processes that occur in the 
photophysics of FRET are so far uncharacterized. The response of a fluorophore is non-
linear at high excitation rates and when photobleaching occurs. Both these effects may 
cause errors in the estimation of FRET, but could also serve to quantify the energy transfer 
efficiency. For instance, sensitized acceptor photobleaching, i.e. photobleaching of the 
acceptor caused by acceptor excitation via FRET, can generate artefacts even in lifetime 
detection, a technique that is generally considered to be robust compared to fluorophore 
photobleaching.  

 
In this work, FRET incompetent fraction, FRET frustration, molecular cross-correlation 

and sensitized photobleaching are defined and studied. A complete analytical description 
of the FRET frustration process and a theory for the molecular cross-correlation (MXC) 
are presented for the first time. 

Introduction 

Photophysical model 
A fluorophore is a molecule that can absorb light and re-emit photons as a consequence 

of a radiative relaxation process of its excited state. The photophysics of a fluorophore 
(fig.1A) can be simplified when considering only the excitation transition between the 
ground state and an electronic excited state and two de-excitation pathways. One de-
excitation pathway is the fluorescence decay whose transition to the lower level is 
accompanied by the emission of a photon. The other is the non-radiative decay, 
representing all the so-called “quenching” transitions, except FRET. Figure 1A depicts 
this schematically. The states and transitions that can generate fluorescence are colour-
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coded: blue and green indicate donor and acceptor emission; capital letters indicate 
excited states.  

 
Figure 1.  Donor-
acceptor transitions. 
Each coloured square 
represents a state of a 
fluorophore (A) or a 
FRET pair (B and C). 

Non-radiative 
transitions are indicated 
with wavy arrows, 
excitation events are 
represented by black 
straight arrows. The 
coloured arrows 
represent radiative 
transitions that give rise 

to donor (blue) or acceptor (green) photons. The red arrows represent irreversible 
photobleaching. The states are colour-coded on the basis of their fluorescence 
emission: blue for donor, green for acceptor and cyan for states that can generate 
both donor and acceptor fluorescence. This property is represented by the small 
insets. The ground states are shown in grey and the black state represents the 
photobleaching of both donor and acceptor.  

When FRET occurs between a donor (D) and acceptor (A) molecule, the photophysics 
of the two chromophores are coupled and can be modelled by a four-state diagram (see 
fig. 1B). Here, the fluorescence transitions form the sides of the square that represents the 
photophysics of the FRET pair. The non-radiative FRET transition is indicated by the 
wavy diagonal. The small diagrams highlight the presence of one “dark state” (“da”) 
corresponding to the ground state of the system and a state from which fluorescence from 
both the fluorophores can originate (“DA”).  

 
The photophysics of a FRET pair is governed by the following linear system of 

differential equations: 

(Eq. 1)   

( )

( )

( )

( ) dA
D

exDa
A

exDA
A

f
D

f
DA

Da
AD

FRETDA
D

fda
A

exdA
D

ex
A

f
dA

DA
A

fda
D

exDa
AD

FRET
A

ex
D

f
Ab

dA
A

fDa
D

fda
A

ex
D

ex
da

NKNKNKK
dt

dN

NKNKNKNKK
dt

dN

NKNKNKKK
dt

dN

NKNKNKK
dt

dN

)()()()(

)()()()(

)()()()(

)()()()(

+++−=

++++−=

++++−=

+++−=

→

→

 



UNIT 1 – THEORETICAL DEVELOPMENTS 

 66 

Where N indicates the population of the FRET pair in a specific state, the subscript 
“ex” indicates excitation rates and Kf represents the fluorescence transition rates. Here, all 
non-radiative transitions with exception of the FRET transition were neglected. These 
transitions can be formally considered to be incorporated (summed) into the fluorescence 
transitions. 

In this work, we will refer to population and number of molecules in a certain state. 
This will describe the behaviour of a single FRET pair in time or an ensemble of 
molecules at each instant or, equivalently, the instantaneous probability of the occurrence 
of a given state. The saturation level of a fluorophore, S, corresponds to the fraction of 
molecules in the excited state and can be conveniently expressed in terms of the rates of 
the excitation and decay processes. Saturation levels will be used to indicate the excitation 
level, they will be therefore reported in absence of the energy transfer:  

(Eq. 2)  
fex

ex

KK
K

S
+

=   

This description provides a simple formalism also for non-approximated solutions.  

Donor FRET incompetent fraction 
The state “DA” is not available for further excitation. The donor cannot transfer energy 

to the acceptor because the excited state of the acceptor chromophore is occupied.  
Since, the donor is also in the excited state it can emit fluorescence. In opposite to the 

fluorescence lifetime of the donor excited state “Da”, the donor fluorescence lifetime of 
the donor FRET-incompetent fraction is not equal to τD and is independent from the 
energy transfer rate. In fact, the “DA” excited state can decay by two fluorescence 
pathways, its lifetime is: 

(Eq. 3) 
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R is the ratio between the donor and the acceptor lifetimes (τD/τA). The donor 
fluorescence originating from the donor FRET incompetent fraction decays with the donor 
lifetime for R = 0, i.e. a much longer acceptor lifetime relatively to the donor, and 
otherwise will have a shorter lifetime, but independent from FRET. 

 
The donor FRET incompetent fraction w amounts to: 

(Eq. 4)  
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N

w
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If direct excitation of the acceptor is negligible, the donor FRET incompetent fraction is 
equal to: 
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(Eq. 5)  [ ]
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where SD indicates the donor saturation level in the absence of energy transfer. The 
donor FRET incompetent fraction is typically negligible unless very high donor saturation 
levels or FRET efficiencies prevail. The generation of the “DA” state requires the 
absorption of two photons during the lifetime of this state. For this reason, w also 
increases for very high acceptor lifetime, i.e. for R 0. 

 
Therefore, for high donor excitation rates, very short intra-chromophore distances, or 

with comparatively long acceptor lifetimes, the donor FRET incompetent fraction may not 
be negligible, and donor fluorescence detection could underestimate of the FRET 
efficiency. 

It is worth noting that for maximal theoretical energy transfer efficiencies (E = 1), the 
donor may still emit fluorescence because of the presence of a significant donor FRET 
incompetent fraction. If the acceptor lifetime is comparatively long, no rapid “DA” 
depletion occurs (R < 1), and the measured donor fluorescence lifetime will approach the 
natural donor lifetime. 

FRET incompetent fraction and FRET frustration 
The model described in the previous section is not appropriate when significant direct 

excitation of the acceptor takes place. FRET efficiencies can be underestimated not only 
because of the detection of photons emitted by the donor FRET incompetent fraction, but 
also because of the more general phenomenon of FRET frustration. Both the acceptor 
excited states “dA” and “DA” are FRET incompetent states. 

 
The solution of the system of differential equation (eq. 1) can be obtained for the 

steady-state situation. Its representation is relatively simple, if expressed in terms of 
saturation levels of donor (SD) and acceptor (SA), the FRET efficiency, the lifetimes and 
the excitation rates: 

(Eq. 6)  
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Here, the saturation levels and lifetimes are considered in absence of FRET.. “f” is the 
FRET frustration parameter and F0 an instrument-dependent constant. If f = 0, Fi (I = D, 
A) describes donor quenching or acceptor sensitized emission caused by FRET. When 
sensitized emission or donor quenching is used for the quantification of energy transfer, an 
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apparent FRET efficiency equal to E(1-f) will be observed. Therefore, f denotes the degree 
of energy transfer frustration. When f = 1, FRET is completely blocked, corresponding to 
100% energy transfer frustration. 

 
The analytical representation of f shows that the apparent FRET efficiency is 

diminished by a fraction equal to the acceptor saturation level for low E values (f SA). At 
higher values, the frustration parameter can increase or decrease depending on the 
saturation level of both fluorophores. The parameter that governs this behaviour is R. 

 
The exact solution for SR is highly non-linear with saturation. Neglecting higher-order 

saturation effects, SR is given by: 

(Eq. 7)  ( )
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For high R values the FRET frustration only depends on the acceptor saturation level. 
At low R values it depends on the donor saturation level and, at the limit R = 0, to the 
complete inhibition of energy transfer (f  1). 

(Eq. 8)  
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In general, both at low donor- and high acceptor- saturation, f is approximately equal to 
SA. The study of the FRET frustration is simplified under conditions in which the non-
linear term SR is negligible.  

Sensitized photobleaching 
When photobleaching is significant, the four state diagram of figure 1B has to be 

extended to nine states (figure 1C). The system of differential equations (eq. 1) changes 
accordingly (not shown).  

 
Excitation of a comparatively photostable donor results in a gradual increase of donor 

fluorescence due to the progressive sensitized photobleaching of the acceptor. However, 
donor photobleaching also takes place. The macroscopic photobleaching decay times of 
both donor and acceptor depend on the rate of energy transfer. High FRET efficiencies 
result in high acceptor excitation rates. Consequently, the acceptors will photobleach 
faster. However, the reduced availability of acceptor molecules will cause a reduction of 
the average FRET efficiency and a subsequent increase of donor molecules in the excited 
state, therefore leading to increased donor photobleaching. A description of this 
phenomenon can be also found in (Mekler et al, 1997; Frederix et al., 2002). However, 
there is no simple analytical solution of the fluorescence intensity time evolution that 
takes both donor and acceptor photobleaching into account. 

 
Figure 1C shows the three fluorescent states that exist for both the donor and acceptor 

fluorophores. Besides the donor FRET incompetent fraction, donors that cannot transfer 
energy because the acceptors in close proximity are bleached will fluoresce with an 
unaltered quantum yield.  
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Cross-correlation at the molecular level 
Introduction 
Fluorescence lifetime imaging in the frequency-domain is performed by cross-

correlation of the fluorescence emission with a reference signal at the same (homodyning) 
or slightly different (heterodyning) frequency as the excitation light. Typically, the 
detector gain is modulated to allow cross-correlation without the need for fast 
(subnanosecond) acquisition systems. We envisage the possibility to perform cross-
correlation at the molecular level, i.e. transferring the cross-correlation process from the 
level of the detector to the fluorophore. This possibility is not only of academic interest, 
but may also be used for analytical applications. In fact, it might provide time-resolved 
fluorescence methods that operate at low frequencies (< 100 kHz). 

 
In order to simplify the theoretical description of molecular cross-correlation we start 

by neglecting the donor FRET incompetent fraction and the non-linearity’s generated at 
high excitation rates. Two distinct, modulated excitation light sources are required for 
molecular cross-correlation that selectively excite the donor and acceptor. The excitation 
light intensities can be described by the following light functions: 

(Eq. 9)  ( )[ ]iiii tmII ϕω ++= cos1  

Here, I is the geometric average of ID and IA.  
 
In first approximation, the probability of the occurrence of FRET can be considered to 

be proportional to the FRET efficiency and to the probability to have the donor in the 
excited state and the acceptor in the ground state.  

(Eq. 10)  ( )[ ] ( )[ ]{ }tItIEp AADDFRET ωσϕωσ cos11cos1 +−++∝   

σi is the fraction of energy absorbed by the fluorophores; the modulation phase of the 
acceptor excitation light was considered null and the phase for the donor is indicated by φ. 
The aim of this simplification is to describe the cross-correlation (xc) term, which is the 
product of the two cosine functions: 

(Eq. 11) ( ) ( ) ( )ttIEp ADADxc ωϕωσσ coscos2 +∝  

Equation 11 shows that the FRET signal contains the cross-correlation of the two light 
signals. It is worth noting that the group of constants (σDσAI2) represents the product of the 
two light intensities and cross-sections. Indeed, it was previously mentioned that FRET 
frustration can be seen as a two-photon excitation process (Hänninen et al., 1996; Schönle 
et al., 1999). 

Donor harmonic content 
Equation 11 shows that molecular cross-correlation (MXC) is a second-order 

phenomenon. Furthermore, MXC is intimately related to the process of FRET frustration, 
described by equation 6. A first-order approximation of the frustration parameter in the 
excitation rates provides a simple formalism in which the energy lost by the donor is 
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transferred to the acceptor. The cases where SR is negligible are correctly described by this 
approximation. Now, the second order cross-correlation term is the result of the 
multiplication of two first order terms, the excitation rate of the donor in SD (eq. 5) and the 
excitation rate of the acceptor from the approximation of f.  

 
The steady-state solutions (equation 6) can be used for the description of the harmonic 

content of the fluorescence when the fluorophore lifetimes are very much longer than the 
modulation period of the excitation light. The fluorescence signals can then be grouped in 
a constant term (fdc), a term linear in the modulation frequency or “first harmonic” (ffh) 
and the addendum with the product of the two cosine functions, i.e. the cross-correlation 
term (fxc). Here, only the donor fluorescence emission (FD) will be described. 

 (Eq. 12)  
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It is instructive to investigate the limiting case where the excited state acceptor 
population is modulated, but the donor is not (mD = 0, mA = 1). This case will be referred 
to as “Acceptor Modulation” (AM). Now, no molecular cross-correlation takes place: 

(Eq. 13)  
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With fx
D(y) denoting the x term (x = dc, xc, fh, sh, sc, b) of the donor (D) fluorescence 

emission under the modulation condition y (y=AM, OPM, QM, HET). 
 
Whereas the donor transfers energy to the acceptor, information is back-transferred 

from the acceptor to the donor. Therefore, the energy transfer introduces a harmonic 
component into the donor fluorescence. From equation 13 it follows that at high f values 
the energy transfer is sensitive for the modulation. However, at high excitation rates, 
saturation of the acceptor may also cause higher harmonics in the acceptor fluorescence. 
In general, the donor fluorescence emission will be modulated only upon occurrence of 
energy transfer.  

Homo- and hetero- dyning, and cross-correlation 
The use of the average modulation frequency ω and the difference ∆ω between ωD and 

ωA aids in the analysis of the harmonic response of a FRET pair. The following 
trigonometric equality allows the expression of the cross-correlation term in equation 11 
as the sum of a second-harmonic (fsh) and a slow component (fsc): 
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When the donor and acceptor are modulated at the same frequency (homodyning), the 
slow-component merely constitutes a constant term that will contribute exclusively to fDC. 
The opposite phase modulation (OPM) of donor and acceptor (∆ω = 0, φ = π ) results in 
the fluorescence signal FD

(OPM): 

(Eq. 15)  
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The first harmonic will be demodulated in favour of the second harmonic. The choice 
of opposite phase modulation allows a simpler formalism for the modulation factors. 
However, when the two excitations are in quadrature (QM, φ = π/2) a different 
phenomenon can be observed. The two excitation lights are out of phase and transfer of 
energy will modify the phase of both the donor and acceptor fluorescence: 

(Eq. 16)  
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However, the cross correlation term does not directly contribute to the phase change of 
the fluorescence.  

If the two modulation frequencies are different (heterodyning, HET), FRET will 
introduce a slowly modulated component at the difference of the two modulation 
frequencies. If we discard the relative phase of the two excitation lights (φ = 0) we can 
write: 

(Eq. 17)  
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In the heterodyning situation, the first harmonic is modulated in amplitude by the 
appearance of a beating signal (fb) that is caused by the interference of the two modulation 
frequencies. Both the slow and the second harmonic component exhibit the same 
dependence on the FRET efficiency.  

Numerical simulations 

Donor FRET incompetent fraction 
The donor FRET incompetent fraction may introduce artefacts in the energy transfer 

quantification methods that rely on the detection of donor fluorescence. Figure 2 shows 
numerical simulations of the sensitized emission and the fluorescence lifetime (top and 
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bottom panels, respectively). In the simulations a 1:1 donor to acceptor ratio is assumed 
and a constant FRET efficiency. Four donor saturation levels between 1 and 60% are 
shown at two fluorescence lifetime ratios (R = 1, R = 0.1). The sensitized emission index 
(Es.e.) is defined as the ratio of the acceptor and donor fluorescence. Higher ratios 
represent higher FRET efficiencies. The sensitized emission index was calculated using: 

(Eq. 18)  
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Here, NDA, NdA and NDa are the populations of the “DA”, “dA” and “Da” excited states, 
respectively (see equation 1), estimated by the numerical simulations. 

The top panels of figure 2 show Es.e. versus FRET efficiency. The sensitivity of Es.e for 
FRET decreases at higher donor saturation levels. However, the reduction of sensitivity is 
significant only at high FRET efficiencies or for low R values, i.e. when the donor FRET 
incompetent fraction is not negligible. 

Donor lifetime detection was simulated assuming bi-exponential donor fluorescence 
decay: 
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where the second exponential decay originates from the donor FRET incompetent 
fraction. The bottom panels of figure 2 show the FRET efficiency estimated from a single-
exponential fit of the decay versus the simulated FRET efficiency.  

The use of a single-exponential fit allows the estimation of the errors in the FRET 
efficiency. The magnitude of the error indicates whether the appropriate model is used for 
the interpretation of the data. In this case, the donor FRET incompetent fraction was not 
included in the fitting model. Consequently, the FRET efficiencies, computed by equation 
20, are underestimated. 

(Eq. 20)  
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In the simulation, the donor fluorescence lifetime was equal to 2.5 ns, and the acceptor 
lifetime was 2.5 ns and 25 ns for R = 1 and R = 0.1, respectively. Saturation levels were 
considered in absence of energy transfer. 

Interestingly, under certain conditions the lifetime decrease is highly non-linear with 
increasing FRET efficiencies. Saturation levels higher than 20% can be achieved in laser 
scanning microscopes. Therefore, donor FRET pairs should be chosen to have an R ≥ 1, in 
order to avoid underestimation of the energy transfer efficiency and intra-molecular 
distances. 
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Figure 2. Donor FRET incompetent fraction. Sensitized emission (upper panels) 
and fluorescence lifetime (lower panels) detection was simulated to study the effect 
of the donor FRET incompetent fraction. Sensitized emission (Es.e.) and 
fluorescence lifetime (El.t.) estimations of the FRET efficiency were plotted versus 
the simulated energy transfer efficiencies. Four donor saturation levels (1%, 20%, 
40%, and 60%) were compared at two fluorescence lifetime ratios (R = 1 and R = 
0.1). The dashed curves represent the energy transfer estimations when the 
fluorescence emitted by the donor incompetent fraction is neglected. 
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FRET frustration 
The use of FRET frustration to increase the resolution of fluorescence microscopy 

requires the optimization of a FRET pair for FRET frustration. f can be maximized by 
choosing a low R value. However, the FRET incompetent fraction can be pumped both by 
exciting only the donor or both fluorophores. When SA= 0, small R values are necessary. 
When both fluorophores are excited, this requirement is less stringent. 

 
FRET frustration may be also used for the quantification of the energy transfer 

efficiency. Acceptor photobleaching based FRET quantification is a well-characterized 
technique based on the irreversible depletion of acceptors by photobleaching. In this 
technique, two donor images acquired before (Fpre) and after (Fpost) complete acceptor 
phothobleaching provide a FRET efficiency estimation (Eapb): 

(Eq. 21)   
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FRET frustration may be used for a similar quantification by the optical and reversible 
(in absence of photobleaching) acceptor depletion: 

(Eq. 22)  
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Figure 3 shows that high acceptor saturation levels inhibit energy transfer and may 
provide a reference value (Ff 1) for the calculation of Ef. Long acceptor lifetimes allows 
high saturation levels to be reached at comparatively low excitation powers. However, 
high R values may cause saturation of the acceptor via energy transfer that subsequently 
limits energy transfer itself. The insets of figure 3 are based on the formalism used in 
figure 1. Here, they are used to depict the differences between a FRET pair exhibiting a 
high (top inset) or low (inset at the bottom) R value. In the former case, the donor lifetime 
is longer than the acceptor lifetime; this facilitates the pumping of the donor excited state. 
At the same time the comparatively short acceptor lifetime tends to deplete the FRET 
incompetent states. 

 
Therefore, energy is constantly redistributed to the FRET competent state and energy 

transfer frustration is minimized. On the other hand, low R values facilitate the pumping 
of the FRET incompetent state “dA” by all the transitions involved. In this case, energy 
transfer can also be inhibited by high donor saturation levels. Figure 3 was simulated with 
a donor fluorescence lifetime equal to 2.5 ns. The acceptor lifetime was set to 250 ps (R = 
10), 2.5 ns (R = 1) or 25 ns (R = 0.1). Saturation levels were again considered in absence 
of energy transfer. 
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Figure 3. FRET frustration. FRET 
efficiencies versus acceptor saturation 
levels for donor/acceptor lifetime ratios 
of 10 (upper panel), 1 (middle panel) 
and 0.1 (lower panel). Donor saturation 
levels of 1% and 10% were simulated. 
The FRET efficiency in absence of FRET 
frustration was set to 20%. The small 
inset represents the redistribution of 
energy across the four states of the 
FRET pair (figure 1B). A shorter 
acceptor lifetime (R = 10) tends to 
deplete the acceptor excited state in 
favour of the donor excited state. 
Together with the energy transfer 
transition, this contributes to the 
redistribution of energy across all the 
states. At the contrary, a longer acceptor 
lifetime (R = 0.1) aids the pumping of 
the acceptor excited state and the 
generation of a FRET incompetent 
fraction. In this case, donor excitation 
can contribute to the FRET frustration 
process. 

 
 
 
 

 

Sensitized photobleaching 
It was shown that the donor fluorescence lifetime of the donor FRET incompetent 

fraction is not affected by FRET. Furthermore, FRET frustration may reduce the rate of 
energy transfer. Additionally, fluorescence lifetime heterogeneity can be further increased 
by sensitized acceptor photobleaching. Figure 4 shows the results of sensitized acceptor 
photobleaching simulations. In the simulations the photobleaching decay time was chosen 
to be 5 s, and a 2.5 ns fluorescence lifetime was chosen for both the donor and the 
acceptor. Figure 4A shows the donor fluorescence intensity as a function of time in the 
presence of donor photobleaching and in the absence of FRET (black curve). An initial 
photo-recovery appears when FRET is significant (grey lines). The photo-recovery is 
caused by sensitized acceptor photobleaching. At each instant, the heterogeneous 
fluorescence decay derived from the three states “Da”, “DA” and “D” was simulated. 
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 Figure 4. Sensitized acceptor photobleaching. Panel A shows the donor 
fluorescence emission during constant illumination. The time dependence of the 
emission is related to donor and acceptor photobleaching. The simulation was 
performed with equal donor and acceptor photobleaching transition rates (0.2 s-1) 
and lifetimes (2.5 ns), and at donor excitation rates corresponding to ~10% of 
saturation (in absence of energy transfer). Five energy transfer levels (0%, 25%, 
50%, 75% and 99%) are compared in the graphs.  Panel B shows FRET efficiencies 
computed from fluorescence lifetimes based on the simulations shown in panel A. 
The measured FRET efficiencies tend to decrease with time because of sensitized 
acceptor photobleaching.  

The fluorescence decays were fitted to a mono-exponential function and an apparent 
FRET efficiency was computed from the lifetime reduction. In the presence of sensitized 
acceptor photobleaching, the apparent FRET efficiency decreases with time. The 
underestimation of the energy transfer due to acceptor photo bleaching increases with 
higher FRET efficiencies. Interestingly, when a fluorescent sample exhibits high energy 
transfer efficiencies, its donor fluorescence intensity is comparatively low. This will 
usually be compensated for by using longer integration times or higher excitation 
intensities. As a result acceptor photo bleaching will be comparatively strong and the error 
in the estimation of the energy transfer efficiency will increase. 

Hence, an acceptor that is more photo-stable than the donor is favourable for reliable 
donor-based FRET imaging.  

Cross-correlation at the molecular level 
Figure 5 shows the results of molecular cross-correlation simulations. Here, the 

fluorescence lifetimes of the donor and the acceptor were both set to 2 ns (R = 1). The 
modulation frequency of the excitation light was equal to 100 k Hz and, in the case of 
heterodyning, the two modulation frequencies were set at 98 kHz and 102 kHz, 
respectively. The saturation of the donor was equal to 5%  while the acceptor was pumped 
to a higher saturation level (20%). FRET efficiencies equal to 0%, 20%, 40%, 60% and 
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80% were simulated. Therefore, the simulations were performed under conditions in 
which FRET frustration is moderate. In this situation the saturation levels are low enough 
to not introduce higher harmonics in the signals. The simulations are thus sensitive for the 
cross-correlation term introduced by the energy transfer process (equation 10).  

When only the acceptor is modulated (AM), the donor fluorescence emission is 
modulated with increasing modulation depth at increasing FRET efficiencies (figure 5, left 
column). For the opposite phase modulation (OPM), the acceptor fluorescence will be 
demodulated (not shown), whereas the donor emission will always be fully modulated. At 
increasing FRET efficiencies a second harmonic appears (figure 5, middle column). This 
is visible from the “flattening” of the sine-waves. 

 In the case of heterodyning, the fluorescence emission is modulated at 100 kHz and 4 
kHz, the average and difference of the two simulated modulation frequencies, 
respectively. The most evident feature of the heterodyning MXC is the appearance of a 
beating signal, i.e. the slow amplitude modulation of the fast component. The beating 
depends on FRET; however, it is not caused by the product of the excitation rates, but 
depends on their sum and can be therefore also caused by the direct excitation of the 
acceptor by donor excitation light. The slow frequency component that is related to the 
cross-correlation can be recovered by the integration of the fluorescence emission over a 
time window that is broader than the fast modulation time.  

 

Figure 5.  Molecular cross-correlation. The three panels show the donor 
fluorescence in the case of acceptor modulation, opposite phase modulation and 
heterodyning. In the first case (left panel) cross-correlation is not involved; it 
illustrates how acceptor modulation causes modulation of a constantly excited 
donor fluorophore by FRET frustration. Opposite phase modulation (middle panel) 
is an example of molecular cross-correlation by homodyning. Here, the first 
harmonic is demodulated and a second harmonic appears. The latter phenomenon 
can be noticed by the “flattening” of the sine-waves. Cross-correlation by 
heterodyning (right panel) gives rise to a slow modulation of both the fast 
modulation amplitude and of the average fluorescence emission (details the 
simulations can be found in the text). 
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Discussion 
This chapter gives a review of non-linear processes that occur in the photophysics of 

FRET. Typically, a fluorophore is modelled as a linear time-invariant system, i.e. 
doubling of the excitation light intensity will double its emission intensity, and at a 
constant excitation intensity, a constant emission intensity is observed. Within the validity 
of this assumption, the energy transfer efficiency decreases linearly with the donor 
fluorescence quantum yield and lifetime. Photobleaching and fluorophore saturation, 
however, break the time-invariance and the linearity of the fluorophore response, 
respectively.  

 
The donor FRET-incompetent fraction was defined as the state “DA” in which both the 

donor and the acceptor are excited. A donor fluorophore that decays from this excited 
state generates fluorescence of which the lifetime is independent of the energy transfer 
process and dependent on the radiative lifetime of the acceptor. Figure 2 illustrates how 
the donor FRET-incompetent fraction can lead to artefacts in the quantification of FRET 
by two commonly used techniques; sensitized emission detection and lifetime sensing. 
The observation that the donor lifetime may not decrease as much as expected at very high 
FRET efficiency is an intriguing theoretical finding. In fact, at high energy transfer rates, 
the observed donor fluorescence predominantly originates from the FRET-incompetent 
fraction. Therefore, this will lead to the incomplete quenching of the donor and to the 
detection of the “DA” excited state lifetime. From the analytical solutions presented here, 
it can be inferred that the use of a FRET pair with a high R value, i.e. a comparatively 
short acceptor lifetime, both minimizes the generation of the donor FRET-incompetent 
fraction and shortens the “DA” lifetime. Therefore, high R values minimize the artefacts 
described above.  

A complete description of the photophysics of FRET includes the presence of possible 
FRET incompetent states. In this chapter, it was described how FRET can be frustrated by 
the pumping such states. FRET frustration was previously described in only few reports 
(Hänninen et al., 1996; Jares-Erijman et al., 2003) and experimentally verified (Schönle et 
al., 1999). Here, for the first time, a comprehensive analytical description of FRET 
frustration based on a 4 state model of a FRET pair is presented. This model may be 
extended to include triplet states, higher singlet states, and inter-system crossing 
transitions, which rearrange acceptor energy levels. FRET frustration depends on both 
donor and acceptor excitation rates. f is linear with fluorophore saturation levels only 
under a few conditions: low donor and acceptor saturation levels, high R values, or low 
donor and high acceptor saturation. In these cases, the non-linear term SR cannot be 
neglected and the description of FRET frustration becomes more complex.  

 
The model presented here is useful for the understanding of the conditions in which 

FRET-frustration takes place. It can account for a FRET efficiency quantification method 
anticipated in a recent review paper (Jares-Erijman et al., 2003). This method is correctly 
described by the new formalism once that SR is considered negligible and it can also be 
used to describe other effects such as the improvement of microscopy axial resolution, the 
methods described by equation 22 and molecular cross correlation.  
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Figure 3, for instance, shows the combined effect of donor and acceptor saturation 
levels at different R values. Low R values could increase FRET frustration, but can also 
frustrate energy transfer solely by donor excitation, therefore causing underestimation of 
FRET efficiencies. Consequently, low R values may be chosen to increase FRET 
frustration, but low donor saturation levels (< 0.1 R) should be used to avoid the 
generation of FRET-incompetent states via energy transfer itself. 

 
Molecular cross-correlation through energy transfer was described. Figure 5 shows that, 

even at comparatively low saturation levels (SD = 5% and SA = 20%), the fluorescence 
harmonic content is altered by the presence of FRET. The phenomena here described are 
not dependent on the lifetime effects on the harmonic content that appear at higher 
frequencies. In general, the fluorophore’s finite lifetime would tend to demodulate and 
delay harmonics. In the case investigated here, steady-state solutions were used to 
describe the harmonic content of donor emission by an adiabatic first-order 
approximation.  

FRET detection is often accomplished by steady-state measurements or high-frequency 
measurements where lifetime effects on the harmonic content are significant. The 
possibility of using a low frequency range (1 Hz – 100 kHz for nanosecond fluorophores) 
is interesting because it is technically simple compared to FD-FLIM in the radio-
frequency region (10 MHz-1 GHz). The analytical description of FRET frustration and 
molecular cross-correlation provides insight in the widely unexplored field of FRET 
dependent photophysical non-linearity’s.  

 
The harmonic content of donor emission can be properly quantified at low donor 

excitation rates. The harmonic content of the donor and the FRET-dependent variation 
induced by direct excitation of the acceptor could be quantified by sensitive lock-in 
detection techniques. Lock-in imaging at kilohertz modulation frequencies can be directly 
performed by charged-coupled-devices without the use of multi-channel-plates. Also, the 
possibility to exploit heterodyning, in which a slow harmonic is introduced in the 
fluorescence emission, is intriguing. Slow detectors that are normally used for steady-state 
imaging could be used to image this harmonic. To carry out such measurement two laser 
beams need to be focussed on the same focal volume. Typically 0.5 mW – 1 mW of power 
would be required to sufficiently saturate common fluorophores when a high NA objective 
is used. Interestingly, sources of errors such as cross excitation of fluorophores and 
spectral bleed-through are additive phenomena, whereas the cross-correlation is non-
linear. The phenomenon that could cause a significant artefact in molecular cross-
correlation is stimulated emission and this must therefore be avoided. Imaging a cross-
correlation signal may provide a robust method for estimating FRET.  

 
Donor and acceptor photobleaching have been both used for the detection of FRET 

(Jares-Erijman et al., 2003). In addition the kinetics of fluorophore photobleaching and 
sensitized acceptor photobleaching have been employed for the detection of energy 
transfer (Mekler et al., 1996). In this chapter, the photobleaching effects on the lifetime 
based FRET estimations were investigated. Its effect on lifetime sensing is described 
because this technique is generally considered to be less sensitive to photobleaching-
induced artefacts. In the absence of the generation of fluorescent photoproducts, donor 
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photobleaching has little effects on lifetime sensing, with the exception of a decrease of 
the signal-to-noise ratio. When lifetime imaging is accomplished by the sequential 
imaging of time- or phase- dependent images, donor photobleaching can cause artefacts, 
but these can be easily compensated for. Time-correlated single-photon counting is a 
common tool for precise lifetime measurements. However, when this technique is 
employed in combination with microscopy long image acquisition times are required (> 
30 s). For FRET detection, the exposure time can be as high as tens of minutes. With long 
exposure times, photobleaching is rarely negligible. Usually, donor photobleaching is 
checked for during the experiments because a high loss of donor fluorescence can cause a 
significant contribution of photons that originate from autofluorescence. 

Typically, sensitized acceptor photobleaching is neglected, but figure 4 shows how 
acceptor photobleaching could decrease the apparent FRET efficiencies. In the 
simulations direct excitation of the acceptor by spectral overlap of the donor and acceptor 
absorption bands was here neglected. In a practical experiment, however, direct excitation 
would exacerbate the described trends. Furthermore, longer exposure times will be 
required in the case of high FRET efficiencies because of the resulting low donor 
fluorescence quantum yields. In this case, the high energy transfer rates would also cause 
a faster acceptor photobleaching, thereby artificially pumping a donor molecular fraction 
that does not exhibit FRET. In general, sensitized acceptor photobleaching can be 
considered negligible when the molecular acceptor photobleaching rate is smaller than the 
donor-induced photobleaching rate. FRET pairs like EGFP and mRFP may suffer of this 
problem. Here, it may be required to check for the occurrence of acceptor photobleaching 
and to avoid long exposure times.  

 
One of the fascinating aspects of non-linear effects is that they often cause non-intuitive 

phenomena because common sense is usually based on a linear behaviour of the physical 
reality.  The analytical description of the non-linear effects present in the photophysics of 
FRET will facilitate the design of new experiments and will help to avoid artefacts. The 
precise modelling of FRET frustration and molecular cross-correlation may offer the 
opportunity to implement new high-resolution and quantitative techniques. 
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UNIT 2 – TECHNOLOGICAL INNOVATIONS 
Chapter 5 – Unsupervised Fluorescence Lifetime Imaging 
Microscopy for (ultra)High-Throughput and High-Content 
screening 

Abstract 
Proteomics and Cellomics clearly benefit from the molecular insights in cellular 

biochemical events that can be obtained by advanced quantitative microscopy techniques 
like fluorescence lifetime imaging microscopy and Förster resonance energy transfer 
imaging. The spectroscopic information detected at the molecular level can be combined 
with cellular morphological estimators, the analysis of cellular localization and the 
identification of molecular or cellular sub-populations. This allows the creation of 
powerful assays to gain a detailed understanding of the molecular mechanisms underlying 
spatio-temporal cellular responses to chemical and physical stimuli. This work 
demonstrates that the high content offered by these techniques can be combined with the 
ultra high-throughput levels offered by automation of a fluorescence lifetime imaging 
microscope setup, capable of unsupervised operation and image analysis. Systems and 
software dedicated to Image Cytometry for Analysis and Sorting represent important 
emerging tools for the field of proteomics, interactomics and cellomics. These techniques 
could soon become readily available both to academia and the drug screening community 
by the application of new all-solid-state technologies that may results in cost-effective 
turnkey systems. 

 Introduction 
Beside the isolation and the identification of proteins, the field of proteomics faces the 

challenges of detecting protein cellular localization and quantifying molecular states such 
as protein conformations, protein-protein interactions and post-translational modifications. 
In the past decade, Förster Resonance Energy Transfer (FRET) and Fluorescence Lifetime 
Imaging Microscopy (FLIM) have proven to be instrumental for the quantitative imaging 
of these biochemical states in single cells. Similarly, the analysis of different cellular 
populations (cellomes) and proteomes can also benefit from these imaging methods. 
Quantitative multi-parametric microscopy is a very young field in which advances in 
liquid/sample handling robotics and information technology are gradually being integrated 
into automated microscopes. These automated imaging systems merge the high content 
image information with the high-throughput volumes provided by their automation and 
unsupervised operation. 

Screening techniques have now reached (ultra)High-Throughput levels (uHTS), i.e. 
they are capable of performing more than 105 assays per day in microliter volumes. Such 
high throughput is necessary for applications where (bio) chemical libraries are tested, e.g. 
for drug discovery and interactomics research (1). Although the advance in throughput 
scale is necessary, one should not overlook the value of the information content that could 
be gained from screening at high numbers.  Moreover, the screening reproducibility and 
estimators need to respect comparatively high quality standards, e.g. coefficient of 
variations (CV) and z-scores should not exceed 5% and should be higher than 0.5, 
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respectively. Higher content carries higher reliability and data confidence, which aids in 
achieving robust screening outcomes. 

High-Content (HCS) applications typically involve the quantitative and multi-
parametric analysis of the effect of analytes or other perturbing conditions on cellular 
behaviour (2). The understanding of molecular mechanisms underlying disease, for 
instance, requires high-resolution information as screening targets the cellular and/or sub-
cellular level. Such applications aim at the monitoring of molecular pathways, the 
localization and interactions of biomolecules, and the behaviour of diverse molecules or 
pathways in response to drugs or pathogens.  

We developed an automated fluorescence lifetime imaging microscope capable of 
unsupervised operation to provide the basis for a scalable screening platform that 
combines high-throughput levels and high-content information gained from quantitative 
and multi-parametric imaging.  

Fluorescent protein engineering offers a wide variety of genetically-expressible 
fluorescent biosensors, e.g. for the detection of ion concentration, pH, molecular oxygen, 
proteolytic and chaperone activity, and ubiquitinylation, many of which can be 
quantitatively detected by fluorescence lifetime sensing (3). Besides 
immunocytochemistry and fluorescent proteins, a wide variety of protein-tags are 
available nowadays, e.g. FlAsH, ReAsH, SnapTag, Halo (promega), CoA binding (3). The 
availability of commercial systems for automated fluorescence imaging is constantly 
growing (4-6). Moreover, recent works (7,8) demonstrated the usefulness of time-resolved 
fluorescence assays in screening.  

In this work, we present our automated FLIM that is based on state-of-the-art 
technology, i.e. intensified charge-coupled-devices (ICCD). We recently introduced new 
all-solid-state technologies (9) that will enable the construction of cost-effective and 
turnkey systems that do not require specialized knowledge for their maintenance and 
operation.  

In light of the presented results and novel technologies, we envisage comparatively 
cheap and simple high-throughput and high-content quantitative screening platforms to 
become available in the near future. These systems would provide a substantial impulse to 
the recent and actively expanding fields of drug discovery, interactomics, cellomics and 
proteomics. 

Experimental procedures 

Microscopy 
The automated microscope used in this work is based on a frequency-domain FLIM 

setup that is described elsewhere (10) in more detail. The core of the system consists of a 
motorized Axiovert200M (Carl Zeiss Jena GmbH, Jena, Germany) and an ICCD 
(PicoStar, by Lavision GmbH ,Göttingen, Germany). Additionally, a high-resolution CCD 
camera (imager Compact, by Lavision GmbH) and a SwissRanger-2 Time-of-Flight 
imager (CSEM SA, Zürich, Switzerland) can be mounted on the auxiliary output port. The 
samples were scanned by translating the computer-assisted microscope stage (LSTEP by 
Märzhäuser GmbH & Co. KG, Wetzlar-Steindorf, Germany). Focus, optical port 
selection, shutters, objective revolver, filter turret and filter wheel are also motorized. The 
microscope is equipped with HBO and XBO lamps, an Argon Ion laser Innova 300C 
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Argon laser (Coherent Inc., Santa Clara CA, USA), a solid-state laser Compass 405nm (by 
Coherent Inc.) and a light-emitting-diode illumination module NSPB500S (Nichia Corp., 
Japan). The excitation source can be freely chosen and switched. Specific exciter and 
emitter filter cubes are used to select different fluorophores in a sample.  In the present 
work, Rhodamine 6G, EGFP and EYFP were excited by the 488 nm laser line of the 
Argon Ion laser. The filter turret hosts a beam splitter, a low efficiency reflector, and two 
filter cubes which emitter, dichroic and exciter were: i) band-pass 470-490 nm, long-pass 
493 nm and band-pass 505-530 nm; ii) band-pass 490-510 nm, long-pass 515 nm and 
band-pass 520-550 nm (AHF Analysentechnik AG, Tübingen, Germany). The latter was 
used for the experiments show in figures 2, the former for all other experiments. All 
above-mentioned features were integrated in a virtual microscope environment that allows 
the automation of the entire imaging process. This environment was controlled by in-
house developed software programmed in the DaVis suite (LaVision GmbH). Schematics 
are available on http://www.quantitative-microscopy.org/pub/uFLIM.html. 

Screening protocol 
Initially, the user defines the type of screening and calibrates the microscope with a 

fluorescence lifetime standard positioned at the sample plane. At regular intervals, the 
microscope compares the calibration parameters with the phase and demodulation of the 
light source by a low efficiency reflector positioned in the filter turret to correct for 
possible drifts in the relative phase of the system over time. The dynamic calibration 
offered by this internal reference does not require the sample to be removed or the 
interaction of the user. The user can define an arbitrary number of virtual acquisition 
channels, defined by the light source (laser, HBO, XBO, or LED module), filter set (the 
turret hosts 4 different filter cubes and a filter wheel in front of the HBO lamp is fitted 
with 8 excitation filters), and detectors (ICCD for FLIM or a high-resolution CCD). With 
this profile, the microscope selects and presents a series of field of views on which the 
user may manually focus. These focus landmarks are used in the auto-focussing routines 
by interpolation over the sample. Subsequently, the system scans the sample and computes 
the exposure time of the detector in order to avoid its saturation. For this, two images are 
acquired in opposite phase (0° and 180°) with a low exposure time (typically 20 ms) and 
the rapid lifetime determination algorithm computes a pixel-by-pixel average intensity and 
fluorescence lifetime (11). These parameters allow the platform to decide whether this 
field of view is imaged, i.e. whether a fluorescent object is present, and to compute the 
optimal exposure time. If requested, the microscope can refine the focus position by the 
use of an iterative “staircase” procedure (12) and with a focus-score based on sampling at 
half the Nyquist frequency as described in (13). As this process is rather time-expensive, it 
is ideally limited to a small number of fields of view, e.g. containing identified interesting 
objects, or is disabled to allow the focus to be set by interpolation. The microscope then 
switches to the following virtual channel to acquire the images and stores the data in the 
memory. The images of each field of view are stored on mass storage devices during the 
movement of the stage between fields. Screening can be repeated after a user-defined time 
lag, if the time-lapse option is activated. This allows the user to follow a process on a 
large number of cells over time. The recorded object time- and spatial- coordinates allows 
time-dependent measurements to be made for each individual object. 
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Data-Analysis 
A second computer analyzes the images that are acquired by the platform. The data is 

transferred in a local-area-network, and is processed on-line. The results are typically 
available on-screen within a few seconds delay after the acquisition. A stand-alone tool for 
remote monitoring of the screening activities was developed in Microsoft Visual Basic. 
Hereby, the fully unsupervised acquisition/analysis process can be monitored by local-
area-network access or an internet connection (see supplemental material).  

This process returns in the ensemble of original images, the processed intensity and 
lifetime maps, a low resolution global map of the sample and an array of estimators for 
every imaged object. Every object is flagged with its relative position in space and time. 
The features of single objects that are analyzed comprise: intensity (in different spectral 
ranges), homogeneity of the intensity (coefficient of variation), fluorescence lifetime and 
the LiMA heterogeneity estimator (10), and morphological estimators, e.g. area, 
perimeter, elongation and roundness. Other analyses that can be performed on the data 
include invariant moment analysis, and the analysis of intensity/lifetime in specific 
cellular compartments that are identified by morphological estimators or fluorescent 
labelling. Supervised statistical software allows the access to the unsupervised read-out. 
These routines allow the imaged object to be counted, and sub-populations to be extracted 
from the ensemble by inspection of data clusters in combinatorial bi-dimensional 
histograms. Both the unsupervised batch processing and the supervised statistical analysis 
software were developed in Matlab (Mathwork, Natick MA, USA). Part of the Matlab 
code and further information can be downloaded from www.quantitative-
microscopy.org/pub/uFLIM.html.  

Sample Preparation 
EGFP was purified from a liquid culture of transformed BL21DE3 E. coli bacteria by 

immobilized metal chromatography using the 6xHis tag of the protein. Rhodamine 6G 
was prepared at a concentration of 200 µM in distilled water from a 10 mM methanol 
stock solution. A 1536 multi-well plate (SensoPlate by Greiner Bio-One GmbH, 
Frickenhausen, Germany) was loaded using an automated liquid handling station 
(Freedom EVO by TECAN). Potassium iodine was added at the indicated concentrations 
to the wells prior to plate loading.  

For the imaging of bacterial colonies, BL21DE3 E.coli were transformed with the 
pRSET(B)::YFP vector and plated on an agar layer that was cast in a custom-built plate 
with removable teflon walls to facilitate their removal before imaging. This allows the 
entire cultured surface to be exposed to the objective when the plate is mounted on the 
stage. 

CHO cells were transfected with pEYFP and/or pEGFP vectors using the Effectene 
2000 lipid formulation according to the protocol provided by the supplier (QIAGEN 
GmbH, Hilden, Germany). Liposomes containing either pEGFP vector, pEYFP vector or 
pEGFP and pEYFP vectors were prepared by incubating the respective DNA or a 1:1 
mixture of both DNAs with the Effectene reagent. The four wells of a LabTek chamber 
slide with glass bottom were transfected with the two individual DNA-lipid solutions, the 
mixed DNA-lipid solution and a mixture of both individual DNA-lipid solutions. 

The cells were allowed to express the fluorescent proteins for 48 h, upon which the 
cells were fixed in 4% (w/v) formaldehyde in PBS, washed and imaged in PBS. 
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Results 

Unsupervised FLIM for (ultra)High-Throughput 
The ultra-High Throughput standard (uHTS), requiring more than 100’000 assays per 

day in microliter volume, defines the highest current throughput level of screening 
platforms. The 1536 multi-well plate is a format that allows these assays to be performed 
under the given criteria. The uHTS criterion is met when this plate is read in ~20 minutes. 

Figure 1 shows the intensity and lifetime maps of a 1536 multi-well plate, whose wells 
were loaded with different fluorescent solutions. Pairs of rows, i.e. sets of 96 wells, were 
loaded with purified EGFP, Rhodamine6G (R6G) and potassium iodine (KI) by liquid 
handling robotics.  The EGFP and R6G solution exhibited fluorescence lifetimes of ~2.6 
ns and ~4.2 ns, respectively. Under these experimental conditions, EGFP is brighter than 
R6G (Fig.1A, first and last rows, respectively). Additionally, a gradient of intensities and 
lifetimes was generated by the quenching of R6G with decreasing concentrations of 
potassium iodine (63 mM, 50 mM, 38mM, 25 mM, 13 mM and 0 mM). The comparison 
between panel A and B shows that lifetime detection provides excellent contrast and that 
the readout is independent of the concentration. In fact, differences in brightness due to 
pipetting errors or illumination inhomogeneity are not present in the lifetime map. Fig.1C 
shows the averages and the standard errors of the 8 different groups of wells that 
contained the same solutions. The R6G quenching curve is resolved with high accuracy. 
In fact, the coefficients of variation were in the range of 1-2% and the standard errors on 
the mean are in the picosecond range.  

The parallel imaging of 4 wells per field of view with a low magnification objective 
(5x) allowed the complete multi-well plate to be imaged in ~20’. On average, each field of 
view was imaged in ~2.9 s. 

Scalability 
One of the advantages offered by an automated microscopy platform is its 

straightforward scalability. Light sources, filters, detectors and objectives can be selected 
to match the sample requirements. Figure 2 shows images of a custom-built 14 x 9 cm 
bacterial plate. E.coli bacteria transformed with pRSETB-EYFP were plated at the 
maximal achievable density that is compatible with imaging, ~20,000 colonies per plate. 
The agar plate can be screened in ~90’ by imaging ~1900 field of views with a 5x 
objective. The segmentation of single objects (Fig. 2, panels B, D and E) allows the 
retrieval of fluorescence intensity (Fig.2A), lifetime (Fig.2C) and morphological 
estimators for each bacterial colony. 

The images shown in Figure 1 and 2 were acquired using the rapid lifetime 
determination algorithm. This algorithm allows higher throughputs than the common 
multi-point phase acquisition used in frequency-domain FLIM as it requires the 
acquisition of only two opposite-phase images. Lifetime heterogeneity and photo-stability 
can be obtained upon acquisition of more phase-dependent images, but at the cost of (~ 
half the) acquisition speed.  
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Figure 1. (previous page - top) Ultra high-throughput screening. 8 groups of 96 
wells in a 1536 multi-well plate were loaded with 1) enhanced green fluorescence 
protein (EGFP), 2) a mixture of rhodamine 6G (R6G) and EGFP, and 3-8) a 
gradient of R6G quenched with potassium iodine at 63 mM, 50 mM, 38 mM, 25 
mM, 13 mM and 0 mM concentration, respectively. Two empty wells served as a 
control for plate autofluorescence. The plate was screened in less than 20’ with 
high sensitivity and reproducibility. Note that the standard errors and coefficients 
of variation of the fluorescence lifetimes (table and panel C) are in the range of 
picoseconds and 1-2%, respectively. 

Figure 2. (previous page - bottom) High throughput and system scalability. The 
relative brightness (A) and fluorescence lifetimes (C) of a large agar surface (9 x 
14 cm), plated with ~20,000 E.coli bacterial colonies expressing EYFP, was imaged 
in ~1 hour with ~1900 fields of view. A higher magnification (B) shows the single 
colonies. Each field of view (D, E, squares in B) is segmented (D), and the 
fluorescence lifetime of single colonies is assigned (E). The spatial coordinates of 
each segmented colony is stored to allow subsequent higher resolution imaging or 
sample retrieval. 

High-Content Screening 
Figure 3 shows images and distributions of a 4-well chamber microscope slide, on 

which CHO cells were cultured that express EGFP and EYFP. The first two wells were 
transfected with liposome preparations containing only pEGFP or pEYFP, respectively. 
The second two wells were co-transfected by mixing pEGFP and pEYFP vectors in the 
same liposomes (EGFP+EYFP) or by mixing the two separately prepared homogeneous 
liposome solutions with pEGFP and pEYFP (EGFP/EYFP). 15,000 cells were imaged in 
90’ with a 20x objective. The cells were segmented and analyzed for intensity and 
lifetimes with the use of unsupervised software. Here, 6 phase-images were acquired for 
the computation of the lifetime heterogeneity by Lifetime Moments Analysis (LiMA). The 
bottom panels of figure 3 summarize the average lifetime and relative brightness in each 
well in a representative region of 5 x 25 fields of view. Because of differences in protein 
expression levels, the brightness (Fig.3, right column) does not provide a robust estimator 
for the comparison of the samples. On the other hand, the fluorescence lifetimes clearly 
distinguish between the different transfection conditions. The cells expressing EGFP or 
EYFP alone exhibit a fluorescence lifetime of 2.13 ± 0.10 ns (mean ± standard deviation, 
N = 2488) and 2.43 ± 0.11 ns (N = 3472). The relative brightness of the two samples 
shows a bi-modal distribution showing that cells express more EGFP than EYFP under the 
conditions used. The field of view marked with a circle is shown in figure 4. 

Figure 4 shows the individual cells in this field-of-view. Each cell was identified by an 
image processing routine consisting of the following individual steps; automatic 
background subtraction and automatic threshold detection, followed by a watershed 
algorithm and a morphological mask operation. Segmented objects with fluorescent 
intensities below a 5% the CCD dynamic range were masked out and ignored. Object 
classification was performed off-line by supervised software. Fig. 4A shows the result of 
this process; segmented cells are color-coded and rejected objects are presented in a 
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nonlinear grey-level map in order to highlight their low fluorescence levels. Fig. 4B shows 
the lifetime map of the successfully segmented cells. Their lifetime distributions (blue 
lines) are shown in fig. 4C and compared with the average fluorescence lifetime 
distribution (red curves) of the entire field of view. Figure 5 shows how the data presented 
in figure 3 can be further processed by supervised statistical software. The lifetime 
distributions of the cells identified in the four different wells are shown (A, C, F and H) 
together with their Gaussian fits. As previously noted (fig. 3A), unlike all other samples, 
the lifetimes distribution of the “EGFP/EYFP” sample does not seem to be mono-variate. 
Although the average lifetime of the “EGFP+EYFP” and “EGFP/EYFP” mixtures are 
similar, i.e. 2.26 ± 0.10 ns (N = 5372) and 2.29 ± 0.15 ns (N = 3705), respectively, only 
the former distribution can be fitted by a single Gaussian. Therefore, the “EGFP”, “EYFP” 
and “EGFP+EYFP” samples represent homogeneous cell populations. The “EGFP/EYFP” 
distribution was fitted by two (fig. 5L, green line) Gaussian curves whose averages were 
constrained to the observed EGFP and EYFP lifetimes. Again, this fit does not respect the 
observed distribution. Therefore, it follows that a fraction of the cells received the two 
different liposomes present in the preparation. Accordingly, when the “EGFP/EYFP” 
distribution is fitted with a third Gaussian model whose average is constrained to the 
observed “EGFP+EYFP” values, the resulting fit (fig. 5L, black solid line) now perfectly 
describes the experimental observations. The goodness of the fit was evaluated by analysis 
of the residuals (fig. 5L); only the residuals of the constrained three Gaussians fit are 
uncorrelated. Furthermore, the sum of the squared residuals for the constrained three 
Gaussian model decreases 10 fold in comparison with the single Gaussian fit. This 
analysis suggests that the “EGFP”, “EYFP” and “EGFP+EYFP” sub-populations 
contribute to 11%, 26% and 63% of the total number of cells, respectively. 

The lifetime heterogeneity estimator also shows differences between the four samples: 
81 ± 12 %, 92 ± 12 %, 86 ± 11 % and 85 ± 12 % for “EGFP”, “EYFP”, “EGFP+EYFP” 
and “EGFP/EYFP”, respectively. Bi-dimensional histograms of the fluorescence lifetime 
heterogeneity versus the average fluorescence lifetime of each cell (Figure 5B, D, E and 
G) show the correlation between these two estimators. In fact, EYFP has a higher lifetime 
and a higher heterogeneity than EGFP. Such analysis can be extended to other pairs of 
estimators for the analysis of subpopulations in a manner comparable to FACS analysis 
(see supplemental material). 

 
Figure 3. High content screening. A four-well Labtek chamber was seeded with 
CHO cells, transfected with EGFP and/or EYFP, and imaged in ~90’ with ~600 
fields of view. The wells were transfected with a vector encoding EGFP (EGFP), 
EYFP (EYFP), cotransfected with liposomes containing a mixture of EGFP and 
EYFP vectors (EGFP+EYFP), and co-transfected with a mixture of EGFP 
liposomes and EYFP liposomes that were produced separately (EGFP/EYFP). The 
left upper graph shows the distribution of lifetimes computed over the single cells (~ 
15,000 in total), the left lower image shows the corresponding synthetic 
representation of the average lifetime in each field of view of a 5 x 25 field of view 
region of interest. The right panel shows the same representation for the relative 
brightness of the imaged wells. The circle in the EGFP well indicates the field of 
view that is shown in more detail in figure 4. 
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Figure 4. Unsupervised cellular image processing. Single cells are identified by 
segmentation in each field of view (A). Cells are identified by intensity and size; objects 
that are classified as possible cells are color-coded, all other objects are shown in a 
nonlinear grey-level map. The fluorescence lifetimes (B) are computed only on the 
segmented cells. Different morphological and spectroscopic estimators can be computed 
for each object. Panel C shows the distributions of lifetimes in each cell (blue curve) 
compared with the lifetime distribution computed on the segmented pixel ensemble (red 
curve). The average lifetime of the pixel ensemble is 2.13 ± 0.22 ns. 
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 Although the cells that were transfected with EGFP and EYFP alone exhibit average 
lifetimes that differ only by 300ps, up to 95% of cells can be correctly classified as either 
EGFP or EYFP by a linear separation of the two populations. The two co-transfections 
“EGFP+EYFP” and “EGFP/EYFP” exhibit average lifetimes and a distribution broadness 
that differs by only 30 ps and 50 ps, respectively. However, the weight of the three 
underlying distributions can be retrieved due to the high number of cells analyzed. 

Finally, the eccentricity of the cells was analysed to prove that the different relative 
brightness do not bias the other estimators. In fact, the morphology of the cells should not 
change with the transfection of the different VFP color variants. In agreement with this 
quality criterion, the eccentricity of the four populations was identical; 63 ± 15 %, 62 ± 16 
%, 62 ± 16 %, 62 ± 16%.  

 

 

Figure 5. Image Cytometry for Analysis and Sorting. The information contained in 
figures 3 and 4 can be further analyzed to identify different cellular populations. 
Two-dimensional histograms of spectroscopic and morphological estimators show 
the presence of cellular subpopulations, for instance when plotting lifetime 
heterogeneity (CV, coefficient of variation) of each cell versus its average 
fluorescence lifetime (B, D, E and G). The cells were binned in 512x512 bi-
dimensional histograms and where color represents the cell density of the bins. The 
black crosses mark the average and standard deviation of the EGFP (B) and EYFP 
(D) population. The co-transfections (E,G) exhibit broader distributions. The three 
wells that were transfected using homogeneous vector loaded liposomes follow 
Gaussian distributions (A, C and F) of the fluorescence lifetimes. However, the well 
that was transfected with two separate liposome preparations exhibits a skewed 



UNIT 2 – TECHNOLOGICAL INNOVATIONS 

 91 

distribution (H) that can be fitted by a sum of the three Gaussians (black line) that 
correspond to the three populations shown in A, C and F (blue, red and grey, 
respectively). This indicates that most cells received both a GFP- and YFP 
containing liposome (grey line). In accordance, a double Gaussian model that does 
not take into account mixed GFP+YFP events, does not fit the distribution (green 
curve). The lower plot of panel L shows the residuals of the single Gaussian fit 
(orange), and the constrained two- (green) and three- (black) Gaussian fits. The 
fluorescence heterogeneity distribution (I) exhibits the same behaviour but 
possesses a narrower dynamic range. 

Discussion  
FRET is sensitive to intermolecular distances on the scale of protein dimensions 

(<10nm). FLIM provides a non-invasive, fast and quantitative FRET measurement, thus 
giving access to molecular information like protein-protein interactions and 
conformational changes. Therefore, lifetime sensing can be used to map biochemical 
events in living cells and its use was demonstrated for the quantification of oxygen 
content, ion concentration and pH. This demonstrates the value of fluorescence lifetime 
sensing for molecular proteomics studies as these are the content targets of the 
investigation of the molecular mechanism of cellular responses. Such detailed and 
quantitative information is equally important for the life sciences and the screening 
industry. We demonstrate (see fig.1) that an automated FLIM, capable of unsupervised 
operation, provides high throughputs that can meet the basic criteria for uHTS, i.e. sample 
format (microtiter plates, µl sample volume), high speed (>100,000 assays per day), high 
reproducibility (CV<5%) and high sensitivity (high z-score). An assay is considered 
robust when its statistical z-score exceeds 0.5 (14). With the coefficient of variation in our 
studies, this stringent statistical requirement can be fulfilled with 20% lifetime difference 
detected in a single well. The use of multiple parameters or multiple-wells measurements 
clearly provides a more sensitive read-out. Such high sensitivity and reliability is of 
crucial importance in the detection of protein-protein interactions and protein 
conformational changes, as detected by FRET. Furthermore, assays can be performed in a 
variable environment, e.g. in cells, and in “homogeneous” assay formats, that do not 
require washing steps, by the virtue of the independence of the fluorescence lifetime from 
the fluorophore concentration. FLIM screening platforms could be used for the validation 
of protein-protein interaction found by other (u)HTS approaches. With its high-
throughput, automated FLIM systems could be directly used for the screening of 
fluorescently labelled genomic banks or drug libraries.  

 
Our experiments also exemplify that the scalability of an automated microscope allows 

the analysis of samples that do not respect a standardized format. In fact, we demonstrated 
the unsupervised imaging of microtiter plates (fig.1), bacterial plates (fig.2) and 
microscope slides (fig.3), but other samples like tissue slices, electrophoresis gels, DNA 
or protein arrays, and nanotiters plates could also be accommodated.  

Figure 2 shows the screening of bacterial colonies. Besides screening for optimization 
of fluorescent proteins  and fluorescent biosensors by random mutagenesis, fluorescence 
lifetime based assays could be performed in bacteria as a biological model system. Here, 
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the advantage is represented by the simplicity of sample handling, biochemistry, and 
retrieval of genetic/proteomic composition.  

The microscope stores the relative position of each imaged object. The sample can 
therefore be revisited iteratively for real-time data analysis, or after the completion of the 
data analysis and possibly object classification. In addition to the “inventory” use of the 
platform in cell screening, the platform can therefore also be used to hunt for rare events 
with the aim of sample retrieval. Single colonies, cells or cellular sub-populations could 
be isolated, for instance, by photogelation procedures (15) or laser microdissection and 
pressure catapulting (16) techniques. The protein or genetic content of the objects with 
specific lifetime properties can then be analyzed by the relevant techniques. 

This mode of operation is called (15) Image Cytometry for Analysis and Sorting 
(ICAS). ICAS is suitable for adherent cells and tissues, where flow cyotemetric techniques 
cannot be used. Our work shows that the highly informative and sensitive fluorescence 
lifetime parameter can be used for the selection of cells for ICAS. 

 
Figure 3 demonstrates the unsupervised cellular imaging and data analysis of extended 

surfaces. Data acquisition with 6 phase images was performed here to analyse the lifetime 
heterogeneity (10) and to compensate for photobleaching (17). In the case of FRET 
imaging, the quantification of lifetime heterogeneity by Lifetime Moment Analysis can 
provide a measure of the molecular fraction that undergoes FRET, e.g. the relative 
concentration of interacting proteins and their average intermolecular distance. When 
photobleaching and lifetime heterogeneity of the fluorophores can be neglected, the rapid 
lifetime determination algorithm can be used that requires only two phase-dependent 
images. Under these conditions, the screening of an entire 4-well Labtek chamber would 
take a third of the current time, i.e. 30’. The maximal cell density and transfection 
efficiency that allow single cells to be distinguished amounts to ~100,000 cells in this 
format. Therefore, a maximum of 200,000 cells/hour can be screened with a 20x 
objective. The screening can be repeated over time, by imaging extended surfaces or a 
user-defined group of cells (data not shown). This enables the measurement of temporal 
responses over a high number of cells. 

Figure 3, 4 and 5 show how cellular sub-populations can be analysed by imaging single 
cells. The differences between the two co-transfection conditions used would be 
impossible to  resolve when only the averages over these large numbers of cells were 
considered. The analysis of cell populations is important for the understanding of the 
regulation and molecular mechanisms of biological events as biological models are 
usually heterogeneous. The capability of screening and segmenting diverse cellular 
populations, combined with the possibility to detect protein-protein interactions can offer 
a significant advantage for the fields of cellular proteomics and interactomics.  

 
Quantitative multi parametric microscopy and automated unsupervised microscopy are 

comparatively young techniques that attract a growing number of interested industrial and 
academic research groups. Our work represents an advance in the combination of these 
technologies. The experiments presented in this work represent well-defined benchmarks 
for the characterization of the quality of the data that is generated, and for the application 
of software solutions for the detailed statistical analyses that can be performed. FRET 
assays enjoy an increasing popularity in the life sciences, and present the major 
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application of our platform. The feasibility of sensitive FRET assays on our platform is 
demonstrated by its high quality and sensitivity. Figure 5, shows that a lifetime difference 
of 300ps between EGFP and EYFP can be clearly separated. In fact, taking into account 
the CV, 95% of the cells can be successfully classified. This difference would correspond 
to approximately 12% FRET efficiency with fully separated distributions. However, the 
data analysis shows that three populations that differ by only ~6% from each others are 
still reliably separated. We are currently working on biological questions that rely on the 
detection of FRET in large cell numbers that will be published elsewhere.  

On the other hand, the sensitivity of the fluorescence lifetime to the environmental 
conditions in the direct molecular vicinity of the fluorophore allows the use of FLIM 
outside the dominant application to FRET. The diversity of available synthetic dyes with 
sensing capabilities for different small molecules and conditions can be exploited by 
FLIM to create new sensitive and reproducible assays for a variety of cellular functions. 
This holds particularly true for those dyes that respond with otherwise difficult to calibrate 
quantum yield changes, and that are now avoided in favour of ratiometric dyes. 

We demonstrated that current technologies can be used for the construction of an 
unsupervised ICAS/FLIM system for high-throughput and high-content screening. Several 
commercial automated systems could be adapted for lifetime sensing, immediately 
offering a powerful tool for the screening community. Also, we recently introduced new 
all-solid-state technologies for fast wide-field lifetime detection. We envisage the 
possibility of integrating such technologies in a fully automated system to provide cost-
effective and turnkey ICAS/FLIM systems in a few years, rendering this approach a 
routine tool for molecular and cellular proteomics.  
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Chapter 6 – All-solid-state lock-in imaging for wide-field 
fluorescence lifetime sensing 

Abstract 
Fluorescence Lifetime Imaging Microscopy (FLIM) is a powerful technique that is 

increasingly being used in the life sciences during the past decades. However, a broader 
application of FLIM requires more cost-effective and user-friendly solutions. We 
demonstrate the use of a simple CCD/CMOS lock-in imager for fluorescence lifetime 
detection. The SwissRanger SR-2 time-of-flight detector, originally developed for 3D 
vision, embeds all the functionalities required for FLIM in a compact system. The further 
development of this technology and its combination with light-emitting- and laser diodes 
could drive a wider spreading of the use of FLIM including high-throughput applications. 

Introduction 

Fluorescence lifetime imaging microscopy 
The fluorescence (or luminescence) lifetime is the average time that a luminophore 

spends in the excited state. The sensitivity of the fluorescence (or luminescence) lifetime 
to environmental factors can be exploited to investigate the physico-chemical environment 
of the luminophore [1].  

Fluorescence Lifetime Imaging Microscopy (FLIM) has been demonstrated to be a 
useful tool for biology, biophysics and diagnostics, but it requires know-how and costly 
equipment that are limiting its use as an analytical tool in the life sciences and its adoption 
for large-scale screening. FLIM can be used for the quantitative imaging of Förster 
Resonance Energy Transfer (FRET) between two dye molecules. Importantly, FRET 
imaging allows imaging of the biochemistry inside living cells [2,3]. 

However, even given its intrinsic value, the spreading of FLIM instrumentation in 
laboratories is limited by its cost and by the required know-how necessary for its 
maintenance and operation [4]. The fluorescence lifetime can be measured in the 
frequency-domain (FD) by exciting the fluorescent molecules with intensity-modulated 
light and detecting the phase delay and the demodulation between the fluorescence and the 
excitation.  

Because the fluorescence lifetimes of the most used organic and genetically encoded 
luminophores range in the nanosecond region, pico-second or femto-second pulsed 
sources and repetition rates in the megahertz range are required for FLIM. Major advances 
in solid-state technologies [5] today enable the use of cost-effective laser- (LD) and light 
emitting diodes (LED), as directly electronically modulated light sources. The 
implementation of an all-solid-state system for wide-field detection of fluorescence 
lifetimes is an innovation that will drive the further adoption of FLIM in the life sciences. 

Wide-field FLIM setups require the use of multi-channel plate (MCP) based image 
intensifiers [4]. Unfortunately, MCPs are comparatively expensive, prone to photo-
damage due to overexposure and require elaborate electronics. Moreover, although the 
timing properties of MCPs are optimal for FLIM, their spatial resolution is relatively low. 
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Furthermore, MCPs can inject a comparatively high noise level in the measurement [6]. 
For these reasons, a robust solid-state detector presents a desirable alternative to MCPs. 

In the recent past, pioneering work [6-8] demonstrated the possibility of direct 
fluorescence lifetime sensing with a modified commercial CCD. Nanosecond lifetime 
sensing was realized by directly modulating the gain of the sensor [6-7]. Modulation 
frequencies of 100-500 KHz were used and a series of images was recorded at increasing 
delay. In refs [6-7] a maximum modulation frequency of about 10 MHz was measured. 
However, in the FLIM experiments modulation frequencies of only ≤ 500 KHz could be 
realized. This is sub-optimal for use with typical fluorophores used in life sciences. More 
recently, real-time lock-in imaging using a modified commercial CCD was demonstrated 
[8]. Two-phase images were acquired simultaneously at a modulation frequency of 16 
KHz, far too low for FLIM applications. 

In the present article we report on the use of a CCD/CMOS hybrid lock-in imager for 
nanosecond lifetime imaging at a modulation frequency of 20 MHz. The imager combines 
the possibility of lock-in imaging [8] with modulation frequencies suitable for lifetime 
sensing [6,7]. The imager was originally developed for full-field 3D vision in real time 
[9,10]. The sensor was developed for high speed lock-in imaging, therefore further 
modifications of the CCD were not required.  

We demonstrate that all-solid-state lock-in imagers are a viable alternative to MCP 
detection in the near future.  

Time of flight and the lock-in imager 
The sensor of the lock-in imager presented here (SwissRanger SR-2 camera) is 

manufactured in 0.8µm combined CMOS/BCCD semiconductor technology [9]. This 
allows optimal CCD performance while utilizing the flexibility of the integration of 
CMOS active-pixel sensor (APS) readout architectures, which allows the individual 
addressing of pixels and its fast readout. The imager chip (see Fig. 1(a)) is composed of an 
array of 124 x 160 pixels with an area of approx 40 µm x 55 µm per pixel and with an 
optical fill factor of ~17%. Each lock-in pixel consists of several CCD gates on a silicon 
substrate; two independent charge-storage sites (see Fig. 1(b)) and the APS readout 
circuitry with addressing and source-follower amplifier. The driving potentials of the CCD 
gates are controlled at opposite phases with a modulation frequency of 20 MHz. The 
square gate modulation signals are generated directly by the camera electronics, which 
also provides the reference signal for the light source. Due to the limited bandwidth of the 
sensor electronics, this results in a sine-like modulation of the gain of each storage area. 

 
Controlling the gates in opposite phase allows the photo-generated electrons to be 

accumulated in the two different storage sites, depending on the phase instant at which 
each photon impinges on the sensor. Thus, the readout process of the sensor returns two 
images that are simultaneously acquired at opposite phases. The imager of the SR-2 
camera is a front-illuminated CCD with a typical quantum efficiency of about 30%, 50% 
and 70% at 500 nm, 600 nm and 700 nm, respectively. 

This lock-in imager and its use for time-of-flight (TOF) detection have been described 
elsewhere in more detail [9]. The frequency-domain TOF technique relies on the 
measurement of the phase-delay of a reflected light signal by which the distance of the 
reflector can be determined. In its original implementation, an infrared LED array 
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integrated within the camera housing is used as the actively modulated light source. For 
the application of FLIM, the LED array and its electronic driver were removed. This was 
mainly done in order to reduce the generation of heat inside the camera housing. 
Furthermore, a larger fan as used in PC cooling was added for additional cooling of the 
electronics.  

 

Fig.  1. The lock-in imager sensor. Panel A shows microphotography of the sensor. 
Each single pixel, arranged in a 124x160 array has a dimension of about 40µm x 
55µm. Each pixel has two gates that are controlled with voltages in opposite phase 
(Panel B). Thus, the photoelectrons generated in the photosensitive area, will 
accumulate in the two storage areas according to the relative phase of the photon 
flux and the gate potentials. 

Experimental setup 

Microscopy 
The SwissRanger SR-2 (SR-2, Centre Suisse d'Electronique et de Microtechnique SA, 

Neuchâtel, Switzerland) lock-in imager CCD was connected to the binocular port of a 
fully automated Axiovert200M (Carl Zeiss Jena GmbH, Jena, Germany) by a 0.4x C-
mount adapter. A solid-state diode laser operating at 405 nm (Compass, Coherent Inc., 
Santa Clara CA, USA) was used for excitation of the turbo-sapphire (TS) green 
fluorescent protein [11]. The Compass laser can be modulated directly. The modulation 
signals were obtained from the TTL output of the camera. In order to obtain a 50% duty-
cycle of the laser output, the offset voltage levels of the modulation signals were adjusted 
by the use of a bias-T (AVCOM DCP-20, Fotronic Corp. Melrose MA, USA) and a 
precision DC voltage generator (Voltcraft PPS-12008 by Conrad Electronic GmbH, 
Germany). An external delay line (Kentech Instruments Ltd., South Moreton, UK) was 
used for imaging with 8 phase-steps as described below (see section 2.2). The 
fluorescence was collected through an optical band-pass filter centered at 515 ± 30 nm and 
a long-pass 495 nm dichroic mirror (AHF Analysentechnik AG, Tübingen, Germany). A 
530-585 nm band-pass emission filter, a 530-585 nm long-pass filter and a 515 nm 
dichroic mirror were used for the detection of Rhodamine 6G fluorescence. A microscope 
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filter cube with a beam splitter instead of a dichroic mirror and emission/excitation filters 
was used for the collection of reflected 405nm light. Excitation at 470 nm was achieved 
using a NSPB500S (Nichia Corp., Japan) LED in combination with a 470 ± 20nm band-
pass filter (AHF Analysentechnik AG). Excitation at 500 nm was achieved using a 
NSPE500S (Nichia Corp., Japan) LED in combination with a 500 ± 20 nm band-pass filter 
(AHF Analysentechnik AG). The LED was driven using an adapted additional RF power 
amplifier PA-4 (IntraAction Corp., Bellwood IL, USA). The LED was positioned at the 
field aperture position of the microscope in order to achieve homogeneous illumination. 
The LD and the LED provided square-wave and sine-wave excitation light, respectively. 
The acquisition time for the SR-2 images presented here was 40 ms. The acquisition and 
analysis of the data by the SR-2 was performed using the Matlab suite (Mathwork, Natick 
MA, USA). FLIM data analysis software can be downloaded from www.quantitative-
microscopy.org/pub/sr2.html. No image enhancement was applied. Reference 
fluorescence lifetime measurements for verifying the results obtained with the SR-2 were 
carried out using a multi-channel-plate based FD-FLIM platform, described elsewhere [4]. 

Data acquisition and analysis 
FD data analysis [1,12] requires the collection of images at different relative phases 

(Φ0) in order to estimate the phase delay (Φ) and the luminescence signal demodulation 
(m). Upon each exposure, the SR-2 provides two images collected at opposite phases (S0 
and Sπ). A subsequent π/2 shift of the internal phase delay allows the collection of two 
more images (Sπ/2 and S3π/2) at a relative phase equal to π/2 and 3π/2, respectively. 
These four images can be used to estimate the phase delay and the demodulation of the 
luminescence [9]: 
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where Φ’ and m’ are the instrumental phase delay and demodulation, which can be 
estimated by measuring reflected excitation light as zero lifetime reference or by using a 
well-characterized luminescent sample Fig. 2). 

From the quantities calculated by eq. (1), the sample lifetime can be determined [1]: 
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where ω indicates the circular modulation frequency of the excitation light. 
 
Typically FD lifetime imaging measurements are carried out using 8 or even more 

phase angles. This approach results in higher lifetime accuracy and, by using appropriate 
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acquisition sequences of the measurements at different phase angles, the effects of photo 
bleaching can be minimized [13]. Here, 8 phase angles were recorded to demonstrate the 
excellent phase-sensitive detection of the SR-2 device. 

 
The internal delay line of the SR-2 currently only provides phase delays in π/2 steps. 

Therefore, after having acquired the four images as described above, we made use of an 
external delay line to inject an additional π/4 delay into the TTL SR-2 signal. Then, we 
acquired four more images (Sπ/4, S3π/4, S5π/4, S7π/4). The data was transformed to 
perform Fourier analysis [14]: 
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Computing the phase delay and the demodulation factor from these parameters is 
straightforward: 
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Again, eq. (2) can be used together with eq. (3) and eq. (4) to retrieve lifetime 
estimations. 

Dark images of the two storage areas were collected by closing the binocular-output of 
the optical path of the microscope and subtracted from the images of the sample. Dark and 
sample images were acquired with the same imaging parameters. No photo-bleaching 
correction was applied as the simultaneous acquisition of two images in opposite phases 
eliminates photo-bleaching artifacts. 

Sample preparation 
Recombinantly produced Turbo-Sapphire GFP was covalently conjugated to CnBr-

activated Sepharose beads (20-50 µm diameter; Amersham Biosciences, Uppsala, 
Sweden). Beads (25 µl dry mass) were hydrated and activated with 1 mM HCl for 10 min. 
Beads were washed with PBS supplemented with 100 mM Bicine-HCl pH 8.0 for 5 min 
and subsequently incubated for 30 min with 100 µl 0.1 mg/ml recombinant TS-GFP in 
PBS supplemented with 100 mM Bicine-HCl pH 8.0 at room temperature and under 
continuous mixing by inversion to ensure homogeneous binding. After the coupling, the 
supernatant was removed and the beads were washed three times with 1 ml PBS 
supplemented with Tris-HCl pH 7.5 to quench remaining reactive groups. 
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Spectrophotometric evaluation of the reactant supernatant confirmed quantitative 
coupling. A small aliquot of the resulting covalently coupled beads was mounted under a 
cover slip on a glass slide using Mowiol sealant. The mounted beads were allowed to 
solidify overnight at 4 degrees centigrade before being subject to imaging. 

An excess of purified vector DNA was incubated with GelStar dye (Cambrex corp., 
East Rutherford NJ, USA). Solutions of recombinantly produced EGFP and GelStar/DNA 
complex were diluted in water to obtain equally fluorescent samples. Rhodamine 6G 
(R6G, Sigma-Aldrich, Deisenhofen, Germany) was diluted in distilled water at 10 µM 
from a 0.1 mM methanol stock solution.  

Results and discussion 

Lock-in imager response 
The lock-in imager was tested by recording excitation light reflected from a foil 

positioned at the sample plane. Eight different phase images were recorded (see Fig. 2(a)). 
Four images were acquired using the internal camera phase delay settings of 0 and π/2 
(black circles). Each internal delay setting resulted in two images with a phase difference 
of π. Four more phase images were recorded in a similar way after introducing an 
additional phase shift of π/4 using an external delay line (grey circles). The resulting curve 
shows the expected modulation and demonstrates that the SR-2 measures the actual phase 
of the impinging luminescence without interfering artifacts caused by the internal 
electronics. 

The demodulation map (see Fig. 2(c)) is somewhat noisy but fairly homogeneous across 
the field of view. The maximum modulation depth that can be achieved using square wave 
excitation and lock-in detection is ~64%. This is due to the convolution of the 
fluorescence signal with the sinusoidally modulated gain of the camera and the subsequent 
integration over the exposure time. Therefore, even a fully modulated light will be 
detected with modulation depth lower than 100%. The measured value was equal to 50 ± 3 
% (mean ± standard deviation over the same field of view). Therefore the demodulation 
contrast of the sensor in the UV-blue region is ~80% of the maximum achievable. This 
slightly reduces the sensitivity for lifetime detection. The phase response of the sensor is 
less homogeneous in particular at the right corners (white arrows) in Fig. 2(e). This effect 
can be corrected by applying a pixel-by-pixel calibration of the imager. 

The same measurement was performed on a fluorescent plastic slide, now with the 
appropriate filter cube (see Fig. 2(b,d,f)). This allowed the characterization of the lock-in 
imager response in the spectral region of the Turbo-Sapphire GFP emission. The 
homogeneity of the response was found to be equal to that in the UV/Blue region. The 
demodulation map is less noisy due to the higher quantum yield of the sensor in this 
spectral window. Interestingly, a higher demodulation contrast can be achieved at this 
longer wavelength. The measured demodulation of the fluorescence signal amounted to 55 
± 1 %. As the lifetime of the plastic slide is 4.8 ns and homogeneous, the demodulation at 
zero lifetime was calculated to be 65 ± 1 %. This value is equal to the theoretical 
maximum that can be achieved. The different demodulation factors at different 
wavelengths are due to the front illumination of the SR-2; light of different wavelengths 
generates photoelectrons at different depths in the substrate.  
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Fig.  2. Response of the lock-in imager. Panel A and B show the average intensity at 
each detected phase. The grey curve represents the average intensity (I0) and the 
circles are the experimental points connected by a spline curve (dashed). Gray 
circles correspond to images acquired by the injection of the additional delay by the 
external delay unit. The left side panels (A, C and E) represent measurements of a 
reflective foil, while B, D and F refer to a fluorescent slide acquisition. C and D 
depict the demodulation of the signal measured over the entire illuminated field of 
view; E and F show the correspondent phases. The latter are inhomogeneous over 
the field of view (arrows). Considering the lifetime of the samples, i.e. 0 ns and 4.8 
ns for the reflective foil and fluorescent slide, respectively, the initial phase of the 
detection is shown to be constant, while the demodulations suffer from a color-
effect of the lock-in imager. 
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Consequently, the photoelectrons sense different well potentials that correspond to 
different demodulation contrasts. This effect requires calibration of the lock-in imager for 
the spectral region of the detected luminescence.  

The relative sensitivities of the two storage areas were almost identical; the average 
value was found to be 99.02% and the standard deviation amounted to 0.02%. This high 
homogeneity affords calculation of the lifetime without a correction for pixel-to-pixel 
sensitivity fluctuations. 

Fluorescence lifetime sensing 
To evaluate the fluorescence lifetime imaging performance of the SR-2, we calibrated 

the lock-in imager with the fluorescent slide as described above. This reference sample 
was previously characterized with the MCP-based FLIM. Its measured lifetime of 4.8 ns 
was used to calibrate the SR-2 camera. Subsequently, the same slide was imaged to 
confirm the successful pixel-by-pixel calibration. Fig. 3(a) shows the phase-lifetime map 
and distribution (4.8 ± 0.4 ns) acquired at 470nm excitation (LED). Further measurements 
of the lifetimes of EGFP and DNA-bound GelStar solutions demonstrate the lifetime 
contrast that is achieved by the camera. The average phase lifetimes were 2.6 ± 0.4 ns and 
6.6 ± 0.7 ns, respectively. Furthermore, a Turbo-Sapphire GFP bead was imaged by 
exciting the sample with the 405nm laser.  

 

 Fig.  3. Fluorescence lifetime sensing. The lock-in imager distinguishes compounds 
with different fluorescent lifetimes. Panel A shows the phase-lifetime maps and 
distributions of: EGFP in solution (grey line), a fluorescent slide (dashed curve) 
and DNA-bound GelStar (black solid line) in solution. The lifetimes were 2.6 ± 0.4 
ns, 4.8 ± 0.4 ns and 6.6 ± 0.7 ns, respectively. Both the phase- (panel B, grey curve) 
and demodulation- (black line) lifetimes can be measured at a modulation 
frequency of 20MHz. A Turbo-Sapphire GFP bead showed values of 2.67 ± 0.09 ns 
and 3.7 ± 0.2 ns, respectively. Panel B inset (R6G) shows the phase (4.3 ± 0.2) and 
modulation (4.3 ± 0.4) lifetime of the mono-exponential decaying fluorophore 
standard Rhodamine 6G. 
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Fig. 3(b) shows the images and distributions of the phase and demodulation lifetimes, 
corresponding to 2.67 ± 0.09 ns and 3.7 ± 0.2 ns, respectively. Both the modulation and 
the phase lifetime are comparable with measurements carried out with the MCP-based 
FD-FLIM setup operating at the same modulation frequency. Using this setup, lifetimes of 
2.6 ± 0.2 ns and 3.2 ± 0.4 ns were found respectively. The higher noise content of the 
latter is explained by the poorer performance of the modulation lifetime estimator at the 
modulation frequency used. The inset in Fig. 3(b) shows the lifetime distribution of a 
solution of R6G. Here, a 500 nm LED was used for excitation and fluorescence was 
detected at 530-585 nm. R6G is known to exhibit a monoexponential decay, therefore the 
modulation and phase lifetimes are similar (4.3 ns). The above test measurements clearly 
demonstrate the feasibility of nanosecond fluorescence lifetime imaging by the SR-2.  

The SR-2 camera currently operates at a modulation frequency of 20 MHz. The 
modulation frequency has a profound effect on the efficiency of lifetime determination.  
If, for instance, sinusoidally modulated illumination is considered, the optimal frequency 
for the phase based detection of a 2.5 ns lifetime is ~40 MHz. The optimal frequency for 
the corresponding demodulation based lifetime determination is ~80 MHz. The next 
generation SR2 chips will operate at (much) higher modulation frequencies that are more 
appropriate for the imaging of ns demodulation lifetimes. A thorough description of the 
photoeconomy of the FLIM techniques can be found elsewhere [15,16].  

It was shown that a directly-modulated CCD camera can be operated at a modulation 
frequency of 500 kHz. At this frequency, it is difficult to obtain information from the 
luminescence demodulation. More than 2000 times more photons are required to obtain 
the same signal-to-noise ratio with respect to measurements carried out at 40 MHz. 
Directly-modulated CCDs could possibly work at 10 MHz. However, at this frequency, 
phase detection still requires ~6 fold more photons than at 40 MHz. This frequency is still 
too low for the accurate determination of the demodulation lifetime. Compared to the 
optimal frequencies (40 MHz, and 80 MHz), the SR-2 currently operates at a frequency 
which requires only ~2, and ~15 fold higher counts, respectively. The technology 
employed in the SR-2 can be operated at higher frequencies. In fact, the same technology 
has been operated at a modulation frequency of 50 MHz and different electronics could 
provide modulation frequency up to 100 MHz [10]. Nevertheless, the presented results 
already demonstrate a three order of magnitude gain in photoeconomy compared to the 
reported sensitivity of directly-modulated CCDs. 

The major limitations of the camera for FLIM applications are the lack of active 
cooling of the sensor and its currently suboptimal optical sensitivity for fluorescence 
microscopy. Moreover, the lack of cooling causes a relatively high dark current, limiting 
the signal-to-noise ratio of the FLIM detection. Active cooling of the sensor will reduce 
the dark current and allow longer integration times. The use of a micro-lens array can to a 
large extent compensate for the poor fill factor of the array (~300% gain). In addition, 
improved coupling optics can increase the sensitivity by another 50%. Improved versions 
of the camera and imager will become available in the near future. 

Summary 
We describe the application of a CCD/CMOS lock-in imager (CSEM Swissranger SR-

2) for fluorescence lifetime sensing. The imager can operate at modulation frequencies as 
high as 20 MHz, 40 times higher than current directly-modulated CCDs. This makes the 
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SR-2 about 3 orders of magnitude more sensitive for nanosecond lifetime imaging than 
current directly-modulated CCDs. The SR-2 is the first lock-in imager to operate in a 
frequency range that is optimal for sensing lifetimes in the nanosecond region. The SR-2 
camera is well capable of nanosecond fluorescence lifetime imaging, even though it was 
not designed for this purpose. The results of lifetime measurements on reference 
specimens are in excellent agreement with the results obtained using a standard frequency-
domain lifetime acquisition system. 

At present the SR-2 camera presents limited sensitivity that should be optimized for 
Fluorescence lifetime imaging of living cells. However, the sensitivity of the current SR-2 
camera can be easily improved by an order of magnitude. Based on our results we expect 
that a modified imager will be capable of imaging typical biological specimens with 
integration times of 100 ms or longer. 

The technology currently employed in the SR-2 can be used to produce imagers that 
operate at modulation frequencies as high as 50-100 MHz and speeds of up to 30-50 
frames per second. The performance of the imager can be further improved by the 
production of a back-illuminated chip. 

The use of lock-in imagers like the SR-2 may result in compact, cost-effective and user-
friendly FLIM systems. This development could lead to a larger penetration of FLIM as a 
routine analytical tool in the fields of drug screening, diagnostics and proteomics, where 
the necessity to compromise between cost, speed, robustness and quantification is more 
challenging. 
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Chapter 7 - Innovating lifetime microscopy: a compact and simple 
tool for the life sciences, screening and diagnostics 

Abstract 
Fluorescence Lifetime Imaging Microscopy (FLIM) allows the investigation of the 

physicochemical environment of fluorochromes and protein-protein interaction mapping 
by Förster Resonance Energy Transfer (FRET) in living cells. However, simpler and 
cheaper solutions are required before this powerful analytical technique finds a broader 
application in the life sciences. Wide-field frequency-domain FLIM represents a solution 
whose application is currently limited by the need for multi-channel-plate image 
intensifiers. Here, we show how a CCD/CMOS lock-in imager, originally developed for 
3D vision, can be used as add-on device for lifetime measurements on existing wide-field 
microscopes. The performance of the setup was validated by comparison with well-
established wide-field frequency-domain FLIM measurements. Furthermore, we 
combined the lock-in imager with solid-state light sources. This results in a simple, 
inexpensive and compact FLIM system, operating at video rate. The all-solid-state design 
bridges the technological gap that limits the use of FLIM in areas such as drug-discovery 
and medical diagnostics. 

Introduction 
The fluorescence lifetime is the average time that a fluorescent molecule spends in the 

excited state before a photon is emitted. The sensitivity of the fluorescence lifetime to 
environmental factors has been exploited in the development and use of quantitative and 
efficient biosensors for a wide range of cellular biochemical events1,2. Since its 
introduction in the early 1990s, fluorescence lifetime imaging microscopy (FLIM) has 
been used for instance for the quantitative and robust imaging of pH, ion concentrations, 
oxygen content, in living cells and tissues. Importantly, FLIM affords the mapping of 
protein-protein interactions in (living) cells3, by imaging of Förster Resonance Energy 
Transfer (FRET). FRET is the process of radiation-less transfer of energy from a 
fluorescent  donor molecule to an acceptor chromophore4,5. Its usefulness is derived from 
the fact that FRET occurs on the distance scale of protein-protein interactions (<100Å).  

The availability of Visible Fluorescent Protein (VFP)-tagged molecules, genetically 
encoded antibody recognition tags (e.g., Myc, HA) for immuno-cytochemistry, and small 
peptide sequences targeted by synthetic fluorescent compounds (e.g., FlAsH, ReAsH, 
SnapTag) extended the possibilities for imaging protein-protein interactions by FRET2.  

However, the high cost and specialized know-how required for its acquisition and 
operation has limited the spreading of FLIM instrumentation, even in laboratories that 
routinely use fluorescence microscopy6. More recently, the use and value of FLIM for 
diagnostic applications7, histology8 and screening9 was demonstrated. The availability of 
cost-effective and user-friendly systems is a requirement for the further acceptance and 
spreading of this technique. 

All-Solid-State technologies resulted in compact and inexpensive illumination sources. 
Laser- and light emitting diodes are bright and fast enough to be used for microscopy and 
for time-resolved fluorescence detection. Frequency-domain (FD) FLIM requires a 
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periodic excitation pattern; this can be realized by using pulsed excitation or sinusoidal 
modulated excitation light. FD lifetime detection relies on the measurement of the (phase) 
delay and/or demodulation of the fluorescence signal relative to the excitation light.  

Fluorescence lifetimes of most organic fluorescent dyes and fluorescent proteins are in 
the order of a few nanoseconds. All-Solid-State detectors for wide-field FLIM of 
nanosecond lifetime fluorochromes are, however, currently not available. Here, we report 
on the use of a CCD/CMOS hybrid lock-in imager, originally developed for real time full-
field 3D vision, for FLIM10,11. This development demonstrates that a FLIM system that is 
both affordable and simple to operate can be realized. The availability of such a system 
would be a turning point in the spreading of FLIM technology for the life- and medical 
sciences including large scale screening of drug and protein-protein interaction.  

 Methods 

SR-2 and lock-in imaging 
The lock-in imager is the SwissRanger SR-2 camera whose sensor has 124 x 160 pixels 

with an optical fill factor of ~17% and is manufactured in 0.8µm combined CMOS/BCCD 
semiconductor technology10. Each lock-in pixel has two independent charge-storage sites 
(Fig. 1). The front-illuminated CCD has a quantum efficiency of ~30%, 50% and 70% at 
500nm, 600nm and 700nm, respectively. 

 

Figure 1. Pixel architecture, mode of operation and camera design of the SR2 
imager. Each lock-in pixel (a) has a photosensitive region that converts photons 
into photoelectrons. Electrons are integrated in two different storage areas 
depending on the phase of the signal applied to the integration gates (c). Here, the 
integration is performed at opposite phases. This allows the cross-correlation and 
read-out (at the sensing-nodes) of two images, acquired simultaneously, and at 
opposite phases. All the electronics for FLIM are embedded in a compact design 
(b).  
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The CCD gate potentials are modulated in opposite phase configuration at a frequency 
of 20MHz. This allows the simultaneous phase-dependent accumulation of photo-
generated electron hole pairs in the two separate storage sites (Fig. 1). Thus, the camera 
records two images in parallel at opposite phases. The electronics of the SR-2 generates 
both the modulation signals for the gate-control and for the external light source. The SR-
2 is controlled by a computer via a USB connection. In its original implementation, an 
infrared LED array integrated within the camera housing is used as the modulated light 
source. For the application to FLIM, the LED array and its electronic drivers were 
removed in order to reduce the generation of heat inside the camera housing. The original 
camera computes the distance map on-chip. For our purposes the SR-2 firmware was 
modified in order to allow the read-out of the two phase-dependent images. However, the 
camera firmware can be modified to directly provide lifetime images.  

Microscopy 
The SR-2 was connected to the binocular port of a fully automated Axiovert200M (Carl 

Zeiss Jena GmbH, Jena, Germany) microscope by a 0.4x C-mount adapter. This 
microscope is part of an in-house developed frequency-domain MCP-based FLIM system, 
described elsewhere12. A 405 nm solid-state Compass laser (Coherent Inc., Santa Clara 
CA, USA) was used for excitation of the turbo-sapphire (TS) green fluorescent protein. 
LED excitation was achieved using a NSPB500S LED (Nichia Corp., Japan) with 
emission peaking around 470nm in combination with a 470 ± 20 nm band-pass filter 
(AHF Analysentechnik AG, Tübingen, Germany). The driving signal for the modulation 
of the light sources was obtained directly from the lock-in imager.  Further details  of the 
system can be found elsewhere13. The fluorescence was observed through a 515 ± 30 nm 
optical band-pass filter and a 495 nm dichroic mirror (AHF Analysentechnik AG). The 
MCP-FD-FLIM was controlled by in-house developed software programmed in the DaVis 
imaging suite (Lavision GmbH). The acquisition and analysis of the data by the SR2 was 
controlled by Matlab (Mathwork, Natick MA, USA). Both the SR-2- and MCP- based 
FLIM systems were calibrated on a pixel-by-pixel basis by imaging a fluorescent slide 
(Chroma Corporation) with a lifetime of 4.81 ns. The emission of the slide overlaps the 
emission of the fluorophores used in this study. 

Data analysis 
The SR-2 enables the simultaneous acquisition of two images at relative phases of 0° 

and 180° (I0°, I180° ), respectively. Subsequently, two additional images at relative 
phases of 90° and 270° (I90°, I270°), respectively, can be acquired by using the SR-2 
internal delay-line. The same acquisition protocol was used for the MCP detection, but in 
this case all the images (I0°, I90°, I180°, I270°) were acquired sequentially. The four-
phase data stack was processed by the analysis of the 0th and first Fourier coefficient14 in 
order to estimate the phase-delay (φ) and the demodulation (m) of the fluorescence 
emission: 
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where φ0 and m0 are calibration parameters which represent the phase and the 
modulation of a zero-lifetime reference sample. This method yields two apparent lifetime 
estimations that are related to the phase delay and the demodulation1,14 introduced by the 
finite lifetime of the fluorochrome: 

   (2)  ( )2
1

1;tan 211 −== −−− mm ωτφωτ φ  

Here, ω is the circular frequency of the intensity-modulated light source. The two 
lifetime estimations are related to each other. Their difference depends on the occurrence 
of lifetime heterogeneity12.   

The two-phase acquisition data was analyzed by using the a rapid lifetime 
determination algorithm (RLD)15. This algorithm allows calculation of the demodulation 
factor: 
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The phase bias between the light source and the detector was partially compensated by 
the internal SR2 delay line. The residual phase bias, measured using the 4-phase 
acquisition protocol, was compensated for by the software used to calculate the lifetimes. 
The two-phase acquisition offers a rapid FLIM analysis, but discards information on the 
possible multi-exponential decay of the fluorochrome. 

All data analysis was carried out with the Matlab toolbox “ImFluo”, whose lifetime 
functions are available from www.quantitative-microscopy.org/pub/sr2.html. Dark images 
were acquired prior to lifetime detection. This background was subtracted from each 
following acquisition. 

Sample preparation 
The fluorescent beads were prepared by covalent conjugation of recombinantly 

produced TS-GFP to CnBr-activated Sepharose beads (Amersham Biosciences, Uppsala, 
Sweden) as previously described12. CHO cells were transfected with a PCDNA3.1 
expression vector encoding the TS-GFP using the Effectene transfection reagent according 
to the protocol supplied by the manufacturer (Qiagen, Hilden, Germany). EGFP and TS-
GFP were purified from bacteria using the N-terminal hexahisitidine tag encoded by the 
vector, by immobilized metal affinity chromatography on Talon resin (Promega) 
according to the protocol supplied by the manufacturer. Rhodamine 6G (R6G) was from 
Sigma-Aldrich (Deisenhofen, Germany).  
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Results 

Time-Of-Flight detection and fluorescence lifetime sensing 
The SwissRanger SR-2 camera used in this study was originally developed and 

optimized for the recording of distance maps. This sensor estimates distances by 
illuminating a scene with intensity-modulated light and measuring the (phase) delay of the 
reflected photons (time-of-flight detection). With increasing object distance, longer delays 
will be detected in its reflected light (Fig. 2(a)). At every pixel, the lock-in imager 
computes the average intensity of the scene (Fig. 2(b)), the relative phase-delays (Fig. 
2(c)) of the reflected light field and a distance map (Fig. 2(d)). The camera is able to 
measure picosecond time-lags. Therefore, the timing resolution is sufficient to measure 
the nanosecond fluorescence lifetime of biologically relevant fluorochromes such as 
fluorescent proteins. 

 
Figure 2. Time-Of-Flight imaging: The original application of the lock-in imager, 
Time-of-Flight detection for real-time 3D vision is shown (a, d). A lock-in imager 
produces an intensity map of the imaged scene (b) and the phase delays of the 
reflected illumination light (c). From these values, the distances of the objects in the 
three-dimensional scene are calculated (d). Increasing distance gives rise to a 
longer delay of the reflected light (a). 
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Fundamentally, FLIM differs from Time-Of-Flight imaging only in the measurement of 
fluorescence emission instead of reflected light. The emitted fluorescence exhibits a 
lifetime-dependent phase-delay and demodulation. With increasing fluorochrome lifetime, 
the relative emission (phase) delay and the attenuation of its modulation depth 
increase1,6,14 (Fig. 2(a)). 

 

Figure 3. Comparison between lifetime detection using an MCP-based imager (left 
column) and the novel CCD/CMOS lock-in imager (right column). A TS-GFP-
conjugated bead was imaged by both systems (first row). The phase (second row) 
and modulation (third row) lifetimes (see also distributions) are quantitatively 
detected by both systems. Phase lifetimes: 2.67 ± 0.09 ns for the SR2 and 2.6 ± 0.2 
ns for the MCP. Modulation lifetimes: 3.7 ± 0.2 ns for the SR2 and 3.2 ± 0.4 ns for 
the MCP; the presence of an edge artifact in the SR2 image is caused by the dark 
current of the SR2. The fluorescence intensities show the typical “chicken-wire” 
artifact that can be observed with the multi-channel-plate (first row, left panel). 
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Comparison with state-of-the art technology 
The 20 MHz modulation frequency of  the SR-2 is sufficiently high to obtain reliable 

lifetime images of fluorochromes with nanosecond lifetimes16. To investigate the 
advantages of the lock-in imager further, we compared images of the same sample, 
imaged by the SR-2 and by the conventional multi-channel-plate (MCP) based detection 
system (Fig. 3). The test sample, a Turbo-Sapphire Green Fluorescent Protein (TS-GFP) 
conjugated bead, was illuminated by a 405 nm laser diode and images were acquired with 
20ms integration time.  

The lifetimes determined from the phase-delay and demodulation of the fluorescence 
signal, were similar for both the MCP and the lock-in imager. The slight systematic 
mismatch between the MCP and SR-2 estimation can be explained by the initial phase 
bias dependence that can occur as a result of aliasing when less than 5 phase steps are 
imaged17.  

A major advantage of this lock-in imager based FLIM is the possibility to capture two 
modulated images at opposite phases simultaneously. In contrast, the MCP method 
requires the sequential acquisition of images at different relative phases. Figure 3 shows 
images derived from 4 sequential intensity images by the MCP. The SR-2 acquires these 
images with only two exposures. Furthermore, the MCP exhibits artifacts in the detected 
intensities due to the fiber-coupling between the MCP and the CCD that are not present in 
the image obtained by the SR-2.  

 

Application to cellular imaging and high-throughput high-content screening 
The feasibility of lifetime imaging by SR-2 technology was investigated by imaging 

CHO cells transiently expressing TS-GFP (Fig. 4(a)). The sample was illuminated by a 
modulated 405 nm laser diode, the exposure time was 40 ms and 4 phases were acquired 
during two sequential exposures of the SR-2. The TS-GFP lifetime was found to be 2.0 ± 
0.3 ns. The lifetime map is somewhat noisy but it clearly demonstrates the feasibility of all 
solid-state FLIM on single cells. 

Subsequently, we integrated the SR2 in a screening platform. The microscope 
employed here is capable of operating in an unsupervised fashion as required for 
(ultra)high-throughput screening (uHTS). This automated MCP-based FLIM system (to be 
described elsewhere) is capable of acquiring and analyzing ~100,000 FLIM images per 
day. Figure 4(b) shows a (phase) lifetime image of an array of a 3x3 group of wells in a 
1536 multi-well plate. The wells were filled with enhanced green fluorescent protein 
(EGFP, bottom row), Rhodamine-6G (R6G, top row), and a mixture of EGFP and 
Rhodamine-6G (middle row). Here, the specimen was excited using a modulated 470 nm 
LED light source and 4 phase measurements were acquired during two sequential 
acquisitions with an exposure time of 20ms each. The lifetime images demonstrate that the 
SR-2 produces accurate and reproducible fluorescence lifetime contrast. The coefficients 
of variation ranged from 2% to 5% and the results are in good agreement with those using 
MCP based lifetime imaging. 

The integration of the SR-2 technology into an automated microscopy platform results 
in a valuable tool for high-content high-throughput screening. 
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Figure 4. Cellular imaging 
and screening. a) Already 
the present prototype can 
retrieve correct lifetimes 
from biologically relevant 
samples. CHO cell were 
transfected with TS-GFP 
whose lifetime was measured 
to be 2.0 ± 0.3 ns. The 
intensity map was acquired 
by a higher resolution CCD 
camera, while the lifetimes 
were measured by the lock-in 
imager. a) Application of 
cost-effective FLIM 
instrumentation to 
(ultra)high-throughput 
screening. A 3 x 3 section of 
a 1536-well plate, loaded 
with different concentrations 
of purified EGFP protein, 
Rhodamine6G and mixtures 
of both, is shown. The 
lifetime histograms of the 
samples are given at the 
respective position along the 
rows and columns. The histograms at the top show the contrast between different 
lifetimes. The histograms on the side demonstrate the reproducibility of the 
measurements for identical wells. 

Video-rate fluorescence lifetime imaging microscopy 
The simultaneous acquisition of two images at opposite phases by the SR-2 is a perfect 

match for the rapid lifetime determination (RLD) algorithm15. The RLD algorithm is a 
robust and fast method for calculating fluorescence lifetimes that requires only two images 
recorded at opposite phases. Importantly, since both phase images are acquired 
simultaneously, the lifetimes recorded with the SR-2 are not affected by motion artifacts 
or photo bleaching. 

In contrast, MCP-based FLIM requires the sequential acquisition of images at different 
phases. Therefore, samples exhibiting movements that are faster than the acquisition time 
will suffer from motion-induced lifetime artifacts. In addition, the sequential recording of 
the phase images makes the MCP-based FLIM approach sensitive to photobleaching, in 
particular when only two phase images are recorded as required for the RLD.  At present, 
it is impossible to correct for bleaching artifacts when only two images are required.  
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The SR-2 technique does not suffer from these drawbacks because of its parallel 
acquisition. Therefore, the SR-2 allows optimal use of the RLD algorithm. The 
combination allows a direct visualization of lifetime images even at video-rate imaging. 
Figure 5 shows images of TS fluorescent beads acquired at a frame rate of ~24 Hz. The 
exposure time was 20ms and the 405 nm laser diode was used for the excitation. Every 
second frame is shown. The computer-assisted microscope stage translated the sample 
along one axis at about 250 µm/s 
(Fig. 5, middle column) or ~500 
µm/s (right column). The imaging 
of a stationary bead (left column) is 
shown as a control. This example 
clearly shows that the lifetime 
images are unaffected by sample 
motion and that this technology is 
well suited for FLIM of fast 
processes. Another interesting 
application is the detection of rare 
events. Here, a sample is 
continuously scanned, searching for 
a single cell which is undergoing a 
specific event, e.g., a protein-protein 
interaction which occurs at a 
specific point in the cell cycle. The 
latter application would require the 
on-line calculation (and displaying) 
of the fluorescence lifetime images. 
This could be easily realized using 
the RLD algorithm in combination 
with the on-chip computational 
capabilities of the camera. 

 
Figure 5. FLIM at video-rate 
(~24 Hz): Turbo-Sapphire beads 
are imaged with the rapid lifetime determination algorithm while the microscope 
stage translates the sample at different indicated speeds (0 µm/s, 250 µm/s and 500 
µm/s from left to right columns) in the downward direction. Three frames out of six 
are shown (upper panel) and overlaid (bottom panel) to show the sample trajectory. 

Photon-economy 
The photon-economy of different FLIM techniques can be expressed by a figure-of-

merit (F). Here, we will employ a figure-of-merit defined as the ratio of the relative error 
in the lifetime determination and the square root of the number of detected photons16,18. 
When pulsed excitation is used, time-correlated single photon counting and lock-in 
detection can achieve an F-value of 1. This is the lower limit, higher values imply a 
decreased performance. In frequency domain FLIM, the figure-of-merit strongly depends 
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on the ratio of the fluorescence lifetime and the modulation frequency of the excitation 
light. Previously, a directly modulated CCD was used for FLIM at a modulation frequency 
of 500 kHz19,20.  This modulation frequency is too low for the efficient detection of 
nanosecond fluorescence lifetimes. The optimum modulation frequency for fluorescence 
(phase) lifetime detection is ~0.11τ-1. For a 2.5 ns lifetime, the optimum frequency is ~40 
MHz. Assuming theoretical values for the figures-of-merit and a lifetime of 2.5 ns, typical 
for fluorescent proteins, we find that frequency domain FLIM at a modulation frequency 
of 20 MHz is about three orders of magnitude more sensitive than at 500 kHz16. Moreover, 
the technology employed in the SR-2 has already been tested at modulation frequencies of 
about 50 MHz and different electronics could provide a modulation frequency up to 100 
MHz11. Operating the detector at such frequencies would further improve the sensitivity, 
in particular for short lifetimes. With the combined rapid lifetime determination algorithm 
and the parallel acquisition of the SR-2, it is possible to reach high photon-economy 
performances. The RLD photon-economy was not previously characterized. We estimated 
by Monte-Carlo simulations a minimum F-value equal to ~2.6 and ~1 when using a 
sinusoidal wave or pulsed excitation, respectively. The use of the RLD algorithm and the 
parallel acquisition of the camera require the collection of 7-8 fold less photons compared 
with the standard multiple-phase and sequential acquisition.  

Discussion 
A number of applications in the biomedical sciences await the development of simpler, 

faster and more cost-effective fluorescence lifetime imaging (FLIM) instrumentation. The 
contrast-enhancement given by fluorescence lifetimes is increasingly used for the 
delineation of different tissues and metabolic states in biopsies and for the detection of 
malignant modifications in situ. These applications are based on the sensitivity of the 
fluorescence lifetime for the molecular environment of the imaged fluorophore(s). Both 
the intrinsic fluorescence of conventional histological dyes and tissue autofluorescence 
can be exploited for this purpose. For lifetime measurements to be applicable to point-of-
care operation or routine histopathological investigations, it is essential that a portable 
turnkey solution becomes available. The superior quality of lifetime imaging data in the 
application of the increasingly popular analytical technique of Förster Resonance Energy 
Transfer (FRET) is generally recognized. In the life sciences, FRET is used to probe 
protein-protein interactions, protein conformational changes, and, through the 
development of specific biosensors, biochemical activity of proteins. Current lifetime 
imaging instrumentation is based on either scanning microscopy or multi-channel-plate 
imager-based microscopy. These implementations are affordable by specialized 
laboratories or centralized imaging service centers, but are not likely to allow wide-scale 
adoption as routine imaging application due to their high cost, and the required specialized 
skills needed for their operation and maintenance. For the same reason, the screening 
community has not yet fully adopted FLIM as a tool for the increasingly popular imaging-
based screening applications on cells. Recent advances in solid-state technology21 enable 
the use of inexpensive laser diodes and light emitting diodes as directly modulated light 
sources for FLIM22-25.  

In terms of the breadth of application and the speed of acquisition, wide-field lifetime 
sensing represents the most suitable form of FLIM. The limiting factor here is the 
necessity of an MCP intensifier. Although the temporal resolution of MCPs is very high, 
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their spatial resolution is relatively low; they can introduce “chicken-wire” artifacts 
caused by the fiber-optic coupling between the CCD and the intensifier and they introduce 
significant noise in the measurements20. Furthermore, MCPs are relatively expensive, can 
be easily damaged by high light intensities and require elaborate electronics to be 
operated. For these reasons, routine use of FLIM by a larger user community would 
greatly benefit from a robust solid-state detector as an alternative to modulated 
intensifiers. 

In the recent past, pioneering work was carried out19,20,26 with the aim of developing and 
using special CCD cameras for direct FLIM without an MCP-based image intensifier. The 
technology used in the SR-2 could offer a high photon-economy, high acquisition speed, 
insensitivity towards photobleaching and motion artifacts, reduced cost and increased 
simplicity. However, the SR-2 has some drawbacks that limit its immediate adoption for 
cellular lifetime imaging.  

The optical performances of the SR-2 for fluorescence detection in biological 
microscopy are inherently suboptimal given its original purpose. A new design of the 
chip, the use of micro-lens array and dedicated coupling optics that we are currently 
developing will provide a ~9 fold improvement.  

New electronics and active cooling of the chip will lower the noise level and increase 
the modulation frequency range up to 100 MHz with acquisition speeds up to 30-50 
frames per second. Together with the ~8 fold higher photon-economy of the parallel-
acquisition and RLD, the system will reach a detection level that could outperform the 
current MCP-based detection systems.  Therefore, we believe that all-solid-state 
technologies will soon be ready to substitute MCPs for lifetime detection.  

 
Importantly, this would result in a significant reduction of costs and the required know-

how necessary to operate a FLIM system. Such video-rate real-time systems would have 
the typical optical sensitivity of CMOS/CCD imagers, 256 x 256 or 512 x 512 pixel 
resolution, working in a variable frequency range between 5 and 100 MHz, containing all 
necessary electronics on-board, and be easy to use as a standard camera even by non-
specialist operators.  

The combination of such a device with laser diodes would cost less than 30 K€. The use 
of LEDs would make all solid-state FLIM even more affordable. The combination of lock-
in imaging with wide-field detection and a Nipkow-disk confocal, a Programmable 
Array27 microscope or a system based on structured illumination28, could provide low-cost 
sectioning FLIM systems. Furthermore, a lock-in imager can be used as detector in a 
scanning microscope29 to achieve fast time-resolved spectral imaging. Finally, we would 
like to note that the entire all-solid-state FLIM detection system has a foot-print of less 
than 100cm2.  The small size, low cost and ease of operation make it particularly suited for 
screening and medical diagnostics instrumentation, for instance in imaging plate readers 
and endoscopes7. 

FD detection combined with sub-nanosecond-pulsed excitation results in a very high 
photon-economy and it can operate at high emission intensities. Therefore, this 
combination results in short acquisition times.  

We believe that wide-field FD-FLIM based on lock-in images and solid-state excitation 
sources is at present  the best choice for high-throughput and high-content FLIM. The 
application of such FLIM systems in the life sciences and high-throughput screening will 
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stimulate the quantitative study of protein-protein interactions, and enhance drug 
screening and medical diagnostics applications. 
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UNIT 3 – APPLICATIONS TO THE NEUROSCIENCES 
Chapter 8 –An advanced microscopy investigation of α-Synuclein: 
cytoskeletal association, oligomerization and post-translational 
modifications. 

Abstract 
α-Synuclein is a natively unfolded protein that is mainly, but not exclusively, expressed 

in the central nervous system, and is enriched in the pre-synaptic region in neurons. Its 
function remains largely unknown. However, α-synuclein is known to bind to 
phospholipidic vesicles, regulates dopamine metabolism and exhibits chaperone activities 
that are often complementary to those of the 14-3-3 proteins. α-Synuclein is involved in 
both cytoprotective and cytotoxic processes that are linked with oxidative stress and 
involve mitochondrial (dys)function. Its pathophysiological functions have been studied in 
most detail. α-Synuclein has been implicated in a large number of neurodegenerative 
diseases like Parkinson’s disease, multi system atrophy, fronto-temporal dementia with 
parkinsonism, and Down syndrome. The common hallmark of these so-called α-
synucleinopathies is the pathological aggregation of α-synuclein. The analysis of the 
interactions of α-synuclein and its post-translational modifications are important to the 
understanding of the molecular (patho)physiology of α-synucleinopathies. 

 
Here, we describe the interaction of α-synuclein with the cytoskeletal proteins actin and 

tau. We expressed VFP-α-synuclein fusion constructs to investigate the effect of 
mutations that are causative of the autosomal dominant form of Parkinson’s disease 
(A30P, A53T and E46K) and studied the effect of phosphorylation at serine residue 129 
by the mutants S129A and S129D. We report on the he occasional translocation of α-
synuclein into the mitochondria and investigated the possible role of cofilin, an actin-
depolymerizing factor in this process. Furthermore, the ubiquitination of α-synuclein, a 
post-translational modification that is responsible for its targeting to proteasomes or other 
sub-cellular compartments, was investigated. 

 
α-Synuclein was found to associate with the actin cytoskeleton. It also binds to the 

microtubule-associated protein tau. The A30P mutant resulted in a weaker interaction with 
tau than the wild-type protein, while no difference was found for the other mutants. We 
found that α-synuclein can incorporate into mitochondria. We expected to find a 
colocalization of cofilin in these mitochondria as this is known to induce the onset of 
apoptotic cell death. However, the mitochondrial localization of cofilin was not found to 
correlate with α-synuclein and probably the α-synuclein mitochondria colocalization is 
related to autophagic degradation. Finally, the A30P and A53T mutants showed a reduced 
ubiquitination compared to the wild-type α-synuclein. 

Introduction 
Neurodegeneration is the progressive age dependent loss of neurons and is frequently 

accompanied by the appearance of intra- or extra- cellular proteinacious deposits in the 
brain. Amyloid plaques are, for instance, extracellular aggregates of proteins that 



UNIT 3 – APPLICATIONS TO NEUROBIOLOGY 

 120 

primarily consist of the amyloid beta peptide (Aβ), and their presence is considered to be 
one of the hallmarks of Alzheimer’s disease (AD). Neurofibrillary tangles and Lewy 
bodies are intra-cellular protein aggregates composed mainly of tau protein and α-
synuclein, respectively. These aggregates are hallmarks of AD and Parkinson’s disease 
(PD), respectively. The role of α-synuclein and tau aggregates is still debated, but there 
are indications that suggest that protein aggregation is, in first instance, a cyto-protective 
mechanism that competes with the formation of toxic oligomeric intermediate forms. The 
formation of bulky aggregates could subsequently gain toxicity by mechanical obstruction 
of molecular transport processes or by biochemical buffering of enzymes such as 
chaperones and proteasomal complexes [1]. 

 
α-synuclein and tau are both natively unfolded and highly charged proteins that possess 

numerous phospho-sites and can undergo several post-translational modifications. α-
Synuclein and tau are believed to become partially folded only upon binding to specific 
substrates. Their phosphorylation and other post-translational modifications, e.g. 
ubiquitination, nitration and O-glycosylation, regulate their affinity for substrates and 
propensity for intermediate conformations. 

Both α-synuclein and tau are involved in neurodegenerative diseases by their 
aggregation. These diseases are considered to be conformational dysfunctions, collectively 
known as aggregopathies, and are named α-synucleinopathies [2] and tauopathies [3], 
respectively. Dementia with Lewy bodies, Down syndrome, multiple system atrophy, 
neurodegeneration with brain iron accumulation, and other neuropathologies are α-
synucleinopathies; amyotrophic lateral sclerosis/parkinsonism–dementia complex, fronto-
temporal dementia with parkinsonism linked to chromosome 17, Pick’s disease, and 
progressive supranuclear palsy are some examples of tauopathies. The common hallmark 
of these neurodegenerative diseases is the presence of intra-cellular aggregates of α-
synuclein and tau, respectively. However, neurodegeneration is commonly not linked to 
the dysfunction of a single protein. Only a small number of cases can be explained by 
familial mutations in α-synuclein or tau. The most prevalent neurodegenerative diseases 
are the sporadic forms of Parkinson’s and Alzheimer’s disease, which together affect ~2% 
of the population over 65.  

 
α-Synuclein has been linked to neurodegeneration from its first identification [4]. A 

short aminoacid sequence (NVGGAVVTGVTAVAQKTVEGAGSIAAATGFV) was 
found to be present in Aβ deposits and was subsequently identified as part of α-synuclein. 
For this reason, this region was called non-amyloid-component (NAC). The NAC region 
is highly hydrophobic and is believed to mediate the aggregation of α-synuclein. α-
Synuclein belongs to the synuclein protein family that also comprises β- and γ- 
synucleins. They are highly homologous proteins, but only α-synuclein is prone to 
aggregation and differs from β- and γ - synuclein in the presence of the hydrophobic NAC 
region. The N- and C- terminal regions flanking the NAC are imperfect highly charged 
domain repeats of 11 and 16 aminoacid sequences, respectively [5]. The N-terminus is 
positively charged and contains the consensus sequence KTKEGV, which mediates 
binding to phospholipidic vesicles. All the familial mutations that are linked to the 
autosomal dominant form of PD cluster in this region (A30P, E46K and A53T). The C-
terminus is negatively charged and there is evidence to suggest that it conveys an 
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inhibitory effect on the aggregation of α-synuclein [6]. Of particular interest is the 
presence of a phosphoepitope at serine 129 that could be responsible for the modulation of 
aggregation by the C-terminus. S129A and S129D mutants are models for 
dephosphorylated and phosphorylated α-synuclein at serine 129. Recent studies with these 
mutants confirmed the inhibitory effect of the C-terminus and its dependence on 
phosphorylation [7]. 

 
The physiological function of α-synuclein is still debated. α-Synuclein appears to have 

affinity for lipid vesicles, is responsible for the modulation of tyrosine hydroxylase and 
the activity of the dopamine transporter (both involved in dopamine metabolism) and 
interacts with pro-apoptotic proteins (e.g. PKC, BAD and Cytochrome oxidase). Its 
primary structure, with positive and negative regions separated by a hydrophobic core, is 
consistent with a role as chaperone. Furthermore, α-synuclein shares a certain degree of 
structural and functional homology with 14-3-3 proteins [8]. 14-3-3 proteins are a class of 
chaperones/adapters that can bind proteins at a phosphoserine or phosphotyrosine residue. 
α-Synuclein binds several of the substrates of 14-3-3 (e.g. tau, PKC, TH and BAD) in 
their dephosphorylated form. Interestingly, quantitative proteomics studies identified 
another shared substrate: cofilin, a protein that depolymerises actin filaments and whose 
translocation to mitochondria elicits apoptosis when dephosphorylated [9], i.e. when it 
does not bound to 14-3-3. α-Synuclein can induce cell death by apoptotic [10] and 
autophagocytotic mechanisms [11]. However, α-synuclein showed also anti-apoptotic 
effects [12]. 

 
The tau protein plays a role in Alzheimer’s disease [3] in a manner similar to that of α-

synuclein in Parkinson’s disease, although the most frequent late on-set sporadic AD 
variant is not related to the dysfunction of a single gene. Tau is a family of similar proteins 
coded by the same gene and generated by alternative RNA splicing of its 6 exons. The 
most commonly studied tau protein form, also investigated in this work, is the longest 
human isoform (441 a.a. also referred to as 4R/2N). All the tau isoforms consist of four 
regions: an acidic N- terminus, a proline-rich region, a repeat domain responsible for 
binding to microtubules (microtubule binding domain or MTB) and an acidic C- terminus. 
Phosphorylation of both the MTB domain and the proline-rich region regulates the local 
folding of the protein and its affinity for microtubules.  

Tau proteins are cytoskeletal proteins that stabilize the microtubules. By regulating 
microtubule assembly and by the stabilization of microtubules, tau can regulate the 
motility of the cell and the efficacy of motor-driven transport processes [1]. 

 
Despite the wealth of information on familial mutations for the hereditary forms of PD, 

the molecular causes for sporadic PD remain largely unknown. Recent discoveries suggest 
that mitochondrial impairment might be a more general mechanism that lies at the basis of 
PD. This is in agreement with a class of parkinsonisms that are related to the exposure to 
pollutants, e.g. MPTP and Paraquat [13]. These forms of PD exhibit mitochondrial 
impairment and subsequent α-synuclein aggregation induced by the ensuing oxidative 
damage. PD variants linked to single-gene mutations are rare, like the single aminoacid 
substitutions found in parkin, synphilin-1, DJ-1, α-synuclein, and others [14]. Three α-
synuclein point mutations cause autosomal dominant PD, A30P, A53T and E46K.  There 
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are indications suggesting that these mutations increase the propensity for the formation of 
highly toxic α -synuclein oligomers.  

Besides single aminoacids substitutions, over-expression of the wild-type α-synuclein is 
also causative of neurodegeneration and can lead to the formation of aggregates, like for 
Down’s syndrome that is caused by the triplication of chromosome 21, where ASYN, the 
α-synuclein gene, is located. 

 
Aggregate formation could represent a neuroprotective mechanism that could diminish 

the presence of the toxic oligomers by their sequestration in biochemically inert 
aggregates. However, the actual role of the protein aggregates is still under debate. 
Furthermore, it is not known whether aggregates gain toxicity as they increase in 
dimension. Both mechanical, i.e. molecular motor impairment, and biochemical, e.g. 
buffering of bio-molecules such as chaperones and proteasomal complexes, effects can be 
speculated. One key process in the question of aggregate formation is the ubiquitin-
proteasomal clearance of α-synuclein. Most ubiquitinated α-synuclein forms seem to be 
mono- rather than poly-ubiquitinated, suggesting a major role in protein sorting [15,16]. In 
fact, only a rare O-glycosylated form of α-synuclein has been demonstrated to be poly-
ubiquitinated [17]. It is not clear whether proteasome impairment occurs due to 
obstruction/sequestration of ubiquitinated α-synuclein oligomer/aggregates [18] or by the 
O-glycosylated α-synuclein form [16,17].  

 
Tau and α-synuclein can seed each other’s aggregation, although they do not form 

heteromeric aggregates [19,20]. In general, α-synuclein is a potent inducer of tau 
pathology both in vitro and in vivo [20]. Direct physical interaction of α-synuclein and tau 
was previously demonstrated by α-synuclein affinity chromatography [21]. Furthermore, 
by direct in vitro binding assays, the domains in α-synuclein and tau responsible for their 
interaction were mapped to the C-terminus (a.a. 88-140) and to the microtubule binding 
domain (a.a. 215-419), respectively. α-Synuclein appears to bind tau by electrostatic 
interactions and mediates tau phosphorylation at serine residues 262 and 356. 
Furthermore, no significant difference in tau binding was detected among the mutants 
A30P, A53T and wild-type α-synuclein. More recently, it was shown [22] that the P301L 
tau mutation, causative of familial fronto-temporal dementia with parkinsonism, abolishes 
the interaction between tau and α-synuclein. In spite of the broad acceptance of the 
interaction of α-synuclein and tau, and the importance of their pathological correlation, 
only a few papers have been published on their physical interaction [21,22]. 

 
Notably, α-synuclein seems to act predominantly in connection with phospholipidic 

membranes. The association of α-synuclein to lipid-rafts [23], where α-synuclein can be 
phosphorylated by the small src-family non-receptor tyrosine kinase fyn [24], was 
demonstrated. Furthermore, α-synuclein interacts with phospholipidic vesicles [25,26], 
aids in the translocation of PKC to the plasma membrane [21], interacts with the 
membrane-bound dopamine transporter [27] and, when associated with tyrosine 
hydrolase, localizes in the neighbourhood of mitochondria and the vesicular membranes 
[28]. Tau also interacts with the plasma membrane [29] where it can phosphorylated by 
fyn and associate with lipid rafts [30].  
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In this chapter we investigated the association of WT α-synuclein and its A30P, A53T, 
E46K, S129A and S129D mutants with the cytoskeletal proteins tau and actin by the use 
of microscopy techniques. We imaged the translocation of α-synuclein to mitochondria 
and compared the localization of α-synuclein to cofilin and lysosomes. Furthermore, we 
describe an assay for microscopy analysis of α-synuclein ubiquitination.  

Materials and Methods 

Cloning 
α-Synuclein was cloned into pcDNA3 vector. VFPs coding sequences were generated 

by PCR inserting a HindIII and a NotI restriction site at the N- and C- VFP termini, 
respectively. A Kozak consensus sequence was inserted before the start-codon. To enable 
optimal fluorophore flexibility and to minimize influence on α-synuclein folding a peptide 
linker encoding the aminoacid sequence SAAAG was inserted in between the flourophore 
and α-synuclein. Therefore, VFP:α-synuclein N-termini constructs were subcloned by 
inserting VFPs coding sequences in the pcDNA3.1 multi-cloning-site. With this cloning 
strategy, cerulean, monomeric ECFP (mCFP), Venus, monomeric EYFP (mYFP) and 
EGFP α-synuclein constructs were prepared. E46K, S129A and S129D mutants were 
generated by single point mutagenesis, by the use of the following primers:  

E46K(forward):CTCCAAAACCAAGAAGGGAGTGGTGCATGG 
E46K(reverse):CCATGCACCACTCCCTTCTTGGTTTTGGAGC 
S129A(forward):GAGGCTTATGAAATGCCTGCCGAGGAAGGGTATCAAGAC 
S129A(reverse):GTCTTGATACCCTTCCTCGGCAGGCATTTCATAAGCCTC 
S129D(forward):GAGGCTTATGAAATGCCTGATGAGGAAGGGTATCAAGACT 
S129D(reverse):AGTCTTGATACCCTTCCTCATCAGGCATTTCATAAGCCTCA 
 
The α-synuclein WT/A30P/A53T vectors and the EGFP-cofilin construct were kindly 

provided by Dr. Oliver Schlüter, MPI for experimental medicine - Göttingen and Dr. Vera 
DesMarais, Albert Einstein College of Medicine – New York, respectively 

Cell Culture 
Rat nigrostriatal CSM14.1 cells were grown at 32°C, 5% CO2 and 80% humidity. CHO 

and SH-SY5Y cells were grown at 37 °C, 5% CO2 and 80% humidity. Transfections were 
performed following the supplier’s protocol by Lipofectamine 2000 (Invitrogen Ltd., 
Paisley, UK) for CSM and SH-SY5Y and by Effectine (Qiagen, Hilden, Germany), for 
CHO cells. After addition of complex mixture cells were incubated for 24 hours, after 
which the medium was replaced by regular growth medium and followed by another 24 
hours incubation period. Wells were washed once with phosphate buffered saline (PBS) 
and fixed with 4% paraformaldehyde (PFA) in PBS, pH 7.4 for 10 minutes.  

The growth medium was composed by: Dulbecco's Modified Eagle Medium (DMEM) 
high glucose containing glutamine (PAA, Austria), 10% Fetal Calf Serum (FCS Gold, 
PAA, Austria) supplemented with 10,000 i.u. penicillin and streptomycin (PAA, Austria). 
The growth medium was the same for all the cell lines, with the exception of the SH-
SY5Y formulation that contained FCS at 15%. 
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Immunocytochemistry 
Permeabilisation was performed using 0.1% Triton X-100 in PBS for 15 minutes and 

cells were blocked in 10% bovine serum albumine for one hour. Phalloidin-Rhodamine 
0.05 mM  was diluted 1:250 in PBS containing 1% BSA, added to cells and incubated at 
room temperature for 1 hour. 

For antibody staining of α-synuclein to confirm colocalization with actin and to exclude 
unspecific binding of fluorescent protein to actin, cells were plated and tranfected with 
untagged α-Synuclein as described above. After fixation and premeabilization, unspecific 
epitopes were blocked with 5% normal goat serum (NGS, PAA, Austria) in PBS for 1 
hour and incubated with mouse-anti-α-Synuclein antibody (BD Pharmingen) at a dilution 
of 1:1000 in PBS containing 2% NGS over night at 4 °C. Following three washes with 
PBS, FITC-labeled secondary anti-mouse-Antibody (goat anti-mouse, Sigma) was added 
at a dilution of 1:2000 in PBS containing 2%NGS for 1 hour at room temperature. Control 
cells were only blocked and incubated with secondary antibody. 

For demonstration of α-synuclein colocalisation with actin CSM14.1 cells were 
transfected with GFP-α-synuclein as described above. Membranes of unfixed cells were 
premeabilized using PBS containing 300mM sucrose and 0.01% Triton X-100 for 1 
minute. After aspiration of detergent solution cells were fixed with 4% PFA for 10 
minutes. 

Tracker stainings 
Mitochondria were both stained by transfecting a mitochondrially tergetted DsRed or 

by MitoTracker Green (Molecular Probes Inc., Eugene OR, USA). In the latter case, cells 
were also stained with the lysosomal marker LysoTracker DND-99 (Molecular Probes) 
First, cells were incubated with 150 µM MitoTracker in normal medium for 1h. Then cells 
were washed with normal medium and incubated with 100µM LysoTracker for 1h. Cells 
were subsequently washed in PBS and fixed in 4% PFA for 10 minutes.  

 
Unless otherwise specified, cells were mounted in Mowiol (Aventis Pharma, Bad 

Soden, Germany). 
 

Microscopy 
Two-Photon TD-FLIM and confocal images were acquired using a confocal laser 

scanning microscope TSC-SP2 AOBS (Leica  Microsystems GmbH). The microscope was 
upgraded with a Mira900 mode-locked femtosecond Ti:Sapphire laser, pumped by a 
Verdi-V8 laser (both from Coherent Inc., Santa Clara CA, USA). The time-resolved 
fluorescence decays are acquired by time-correlated single-photon counting with a MCP-
PMT (R3809U-50 by Hamamatsu Photonics, Sunayama-cho, Japan) detector, a SPC830 
acquisition board and the SPC-IMAGE software (both from Becker & Hickl GmbH, 
Berlin, Germany). Cerulean two-photon excitation was performed at 820 nm, with a band-
pass 480/30 (peak wavelength / broadness in nm) optical filter positioned in front of the 
MCP-PMT detector. Confocal images were acquired with the laser lines and spectral 
ranges indicated in table 1 and 2, respectively. 
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Ex (nm) Fluorophore 
458 Cerulean 
488 EGFP, FITC, MitoTracker (green) 
514 EYFP 
561 Rhodamine, DsRed, LysoTracker  

Table 1.  Laser lines of the confocal microscope system used for the one-photon 
excitation (ex) of the listed fluorophores. 

Figure Channel 1 (red) Channel 2 (green) Channel 3 (blue) 
1, 3 YFP(tau) 

525 nm  - 600 nm 
Cerulean(α-synuclein) 
465 nm – 505 nm 

- 

4, 5, 6 Rhodamine(actin) 
575 nm – 650 nm 

EGFP/FITC(α-synuclein) 
495 nm – 535 nm 

- 

7A-D MitoDsRed 
575 nm – 650 nm 

EGFP(α-synuclein) 
495 nm – 540 nm 

- 

7E-H, 8B MitoDsRed  
575 nm – 650 nm 

EGFP(cofilin)  
514 nm -550 nm 

Cerulean(α-synuclein) 
463 nm – 483 nm 

8A MitoDsRed 
570 nm – 650 nm 

- Cerulean(α-synuclein) 
465 nm – 525 nm 

9 LysoRed 
575 nm – 650 nm 

MitoGreen 
514 nm -550 nm 

Cerulean(α-synuclein) 
463 nm – 483 nm  

Table 2.  Spectral windows used for the detection of the fluorescence emission of 
fluorophores with the confocal microscope and one-photon excitation. The first 
column refers to the figure number. The intensities acquired by the three available 
acquisition channels (other columns) are shown in each figure by the indicated 
(red, green, blue) colours. For each figure and channel, the imaged fluorophores 
and spectral windows are indicated in the first and second line, respectively.  

The frequency-domain FLIM is an in-house developed system built around a fully 
automated Axiovert200M microscope (Carl Zeiss Jena GmbH, Jena, Germany).  The 
excitation light is provided by an Innova 300C Argon laser (Coherent Inc., Santa Clara 
CA, USA) whose 458 nm line was used for the excitation of cerulean and the green 
fluorescent protein. The laser beam is intensity-modulated by an acousto-optic modulator 
ME405 (AOM, IntraAction Corp., Bellwood IL, USA) at a modulation frequency equal to 
80.42MHz. Fluorescence detection is performed by an ImagerQE CCD connected to the 
output phosphor screen of a HRI multi-channel plate (MCP) intensifier, both by Lavision 
GmbH (Göttingen, Germany). A detailed description of the unsupervised screening 
platform build around this FD-FLIM system can be found in chapter 5. 

Although suboptimal for EGFP excitation, the excitation at 458 nm and the use of the 
band-pass filters 500 ± 10 nm allowed negligence of REACh2 acceptor residual emission. 
REACh2 is a YFP mutant with a reduced quantum yield (2% of the original efficiency) 



UNIT 3 – APPLICATIONS TO NEUROBIOLOGY 

 126 

but unaltered molar extinction coefficient (Ganesan et al., unpublished work).  Cerulean 
fluorescence was detected by the use of a 490/30 band-pass filter.  

 Results 

A. α-synuclein interacts with tau 
CHO cells expressing the cerulean-α-synuclein and EYFP-tau constructs were imaged 

by confocal microscopy (figure 1). The overlay of the two images and the relative 
colocalization (see supplemental materials) show that the two proteins largely colocalize, 
with the exception of the nucleus from which tau is excluded. Figure 1E shows the 
fluorescence lifetime map of cerulean-α-synuclein in the presence of EYFP-tau. The lower 
lifetimes in the periphery of the cytoplasm indicates the occurrence of FRET at these sites. 
The lifetime distributions are compared with a control in which only cerulean-α-synuclein 
was expressed.  

 

Figure 1. α-Synuclein and tau interaction in fixed CHO cells by two-photon time-
domain FLIM. Cerulean-α-synuclein (A) and EYFP-tau (B), largely colocalize (C, 
D) in the cytoplasm. The relative colocalization (D) of the two proteins shows that 
α-synuclein and tau mainly colocalize in the perinuclear area. However, the 
lifetime (E) reduction shows that protein-protein interactions mainly localize in a 
peripheral area, where colocalization of the two proteins is lower. 
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As the fixation protocol can cause the release of tau from microtubules, we imaged 

living cells with the frequency-domain wide-field FLIM. This technique allows faster 
acquisition times and is therefore compatible with live cell imaging. The relatively low 
FRET efficiencies and the heterogeneous localization of FRET do not allow its detection 
over the entire cell. The acquisition exposure time was set for the imaging of the cellular 
periphery. A cell that exhibits FRET (~11%) is compared with a control sample in figure 
2. The area in which the detector was saturated was masked out. The lifetime reduction 
over the entire cell, imaged in an independent measurement of the same cell, corresponded 
to only ~6%. 

 

Figure 2. α-Synuclein and tau interaction in living CHO cells by wide-field 
frequency-domain FLIM. The fluorescence lifetime of cerulean-α-synuclein (right 
picture, blue colour) is reduced when co-expressed with EYFP-tau (left image, red 
colour). The pixels in which the detector was saturated were masked out; the 
exposure time was optimized for the detection at the membrane. 

FLIM images of 103 transfected CHO cells were collected by time-correlated single-
photon counting, allowing the estimation of FRET efficiencies occurring between tau and 
different α-synuclein mutants. Although several cells exhibit negligible FRET efficiencies, 
the cerulean lifetime is occasionally shortened at the cell periphery. Figure 3 (A, B) shows 
the cumulative histograms of FRET efficiencies computed for all the imaged cells. All the 
α-synuclein constructs exhibit FRET (panel C) when co-expressed with EYFP-tau. An 
average FRET of 7.8 ± 0.7 % (mean ± SEM, N = 69) was detected. The only mutant that 
presented lower FRET efficiencies (p < 0.05) is the A30P, i.e. 4.9 ± 0.7 % (N = 14). We 
estimated the probability to observe FRET efficiencies higher than 10 % by integrating the 
probability density functions (A, B) above this threshold, which value was set to have a 
null probability for the control. The A30P mutant exhibits a lower probability (20 ± 6%) 
to form high FRET efficiency complexes with tau when compared to the average of all the 
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other forms (38 ± 4 %, p < 0.05). The interaction of α-synuclein with tau does not appear 
to be altered by phosphorylation at Serine 129 (figure 3B).  

 

Figure 3. α-Synuclein and tau interaction. Panel A shows the cumulative histogram 
of FRET efficiencies A.) FRET efficiency distributions of cells expressing cerulean 
fluorescent constructs of α-synuclein wild-type (WT, grey curve), the autosomal 
PD-related mutants A30P (orange), A53T (green) and E46K (yellow) together with 
the tau protein, compared with control cells only expressing the cerulean α-
synuclein construct (black curve). Panel B.) shows the distribution of two mutants 
in which the phosphosite at serine 129 was deleted (S129A, red line) or substituted 
with a negatively charged amino-acid (S129D, blue plot). C.) All the samples 
exhibit FRET. The only mutant that differs from the average (panel C, grey dashed 
line) is the A30P (p<0.05). The number of cells imaged is indicated in the bars, 
totalling 103 cells. D.) FRET efficiency distributions of A30P less frequently exceed 
10% (dashed grey vertical line in panel A and B) than the other forms. 

B. α-synuclein associates with the actin cytoskeleton 
During the investigation of the interaction of α-synuclein and tau, we occasionally 

noticed α-synuclein stainings resembling actin structures. However, membrane staining 
revealed that some of these structures at the cellular ventral area, clearly resembling focal 
adhesions, might be emphasized by membrane invaginations/indentations (data not 
shown). Furthermore, the expression of VFP-labelled α-synuclein results in a diffuse 
cytoplasmic background that renders the identification of subcellular structures difficult. 
Therefore, we established a fixation protocol during which cytoplasmic α-synuclein is 
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allowed to wash out of the cell. With a similar method [23], α-synuclein was shown to 
associate with lipid rafts. After wash-out, α-synuclein localized in aggregates and, 
occasionally, decorated stress fibers. Figure 4 shows the cerulean-α-synuclein and 
Rhodamine-Phalloidin fluorescence images of a CSM cell. Rhodamine-Phalloidin is a 
fluorescently labelled toxin that stains polymeric (F-)actin. FRET was not observed 
between EGFP-α-synuclein and Rhodamine-Phallodin or mRFP-actin (data not shown). 
By depleting the cytosolic α-synuclein, it was possible to unveil the colocalization 
between EGFP-α-synuclein and Rhodamine-Phalloidine fluorescence. The actin 
cytoskeleton shown in figure 4 colocalizes with α-synuclein, and also shows residual 
EGFP fluorescence background and spherical structures. 

 
Anti-α-synuclein antibody staining of CSM cells expressing wild-type α-synuclein 

confirmed the association between α-synuclein and the actin cytoskeleton (figure 5). Here, 
α-synuclein is shown decorating both cortical actin and actin stress fiber filaments (panels 
B-E). Figure 5A shows optical sections from a confocal three-dimensional image. A rod-
like actin structure is often present at the cell apex (panel A, lower row). This un-
identified structure is highly decorated by α-synuclein. No clear difference between α-
synuclein mutants was observed.  

 
In our culturing conditions, CSM cells present a marked actin cytoskeleton with 

pronounced stress fibers. This helped in the identification of the association of α-
synuclein. Figure 6 shows SH-SY5Y human neuroblastoma cells that were transiently 
transfected with wild-type α-synuclein. Cells were stained with an α-synuclein 
monoclonal antibody, detected by a FITC-labelled secondary antibody, and with 
Rhodamine-Phalloidin. Here, colocalization of α-synuclein and actin was observed at the 
cortical actin cytoskeleton. Rhodamine-Phalloidin seems to stain a more peripheral area 
than α-synuclein. Within the limits of confocal resolution (200-300 nm), there is a 
substantial overlap between actin and α-synuclein staining. 

 
 
 
 
Figure 4 (figure on the next page). Association of α-synuclein with the actin 
cytoskeleton in CSM cells. The three panels show eight different focal planes of a 
CSM cell expressing EGFP-α-synuclein (top pane) in which the actin cytoskeleton 
was stained with Rhodamine-Phallodin.  The lower panel shows the overlay of α-
synuclein (green) and actin (red). The cytoplasmic α-synuclein was washed out. All 
actin structures colocalize with α-synuclein while some residual EGP-α-synuclein 
fluorescence background and aggregates do not appear to colocalize with the actin 
cytoskeleton. 
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Figure 4 (caption on previous page) 
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Figure 5. Association of α-synuclein with the actin cytoskeleton in CSM cells as 
judged by antibody staining of α-synuclein. Panel A shows different optical slices of 
a three-dimensional confocal image. α-synuclein (green) and actin (red) were 
stained with an α-synuclein-specific antibody, recognized by a FITC labelled 
secondary antibody, and Rhodamine-Phalloidin, respectively. α-synuclein 
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colocalizes with cortical actin (top line, white arrows) and actin filaments (second 
line, white square and panels B-E). Furthermore, actin-rods located at the top of 
the cells are decorated by α-synuclein (panel A, lower lines and white arrow). 
Panel B-E show a magnification of an optical section (white square). Panel B and 
C show α-synuclein (green) and actin (red), respectively. Panel D and E show the 
colocalization of the two staining patterns as relative colocalization and as an RGB 
overlay of FITC (green), Rhodamine (red) and the relative colocalization score 
(blue, see supplemental material), respectively. 

 

Figure 6. Association of α-synuclein and actin in SH-SY5Y cells. α-synuclein 
(green) and  actin (red) are stained with a α-synuclein-specific antibody, 
recognized by a FITC-labelled secondary antibody, and Rhodamine Phalloidin, 
respectively. Two typical staining patterns are presented in the two rows. Their 
colocalization is shown as relative colocalization and an RGB overlay (see Figure 
5 and supplemental material). 

C. α-synuclein can translocate to the mitochondria 
Figure 4 shows colocalization of α-synuclein and actin clusters. However, many α-

synuclein aggregates do not colocalize with actin structures. We identified some of these 
structures as mitochondria. Figure 7A-D shows an image of CSM cells co-transfected with 
cerulean-α-synuclein (green) and mitochondrially-targeted DsRed (red, Mito-DsRed). In 
cells expressing lower levels of α-synuclein, it is possible to notice that α-synuclein is 
generally excluded from the mitochondria. However, the colocalization shows that many 
of the round-shaped mitochondria, i.e. degenerating mitochondria, highly colocalize with 
α-synuclein. The association with the actin cytoskeleton and its translocation to 
degenerating mitochondria suggested the possible involvement of cofilin. Cofilin is an 
actin depolymerizing factor that translocates to mitochondria as an early event during 
apoptosis [9]. Here, cofilin is thought to alter mitochondrial actin structures that are 
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necessary for its integrity. Consequently, mitochondrial import of cofilin is associated 
with the release of cytochrome C, the key regulator of apoptosis initiating factor. 

 
Figure 7F-H shows a magnification of a CSM cell expressing cerulean-α-synuclein (not 

shown), EGFP-cofilin (green) and Mito-DsRed (red). Figure 7G shows the colocalization 
between cofilin and mitochondria as RGB overlay with the relative colocalization score. 
Tansfected α-synuclein and cofilin trivially co-localize in the cytoplasm, without evidence 
of colocalization in particular structures. Moreover, figure 7G shows that α-synuclein is 
not present in the mitochondria containing cofilin. 

 
Heterogeneous cofilin and mitochondria clusters appear exclusively when mitochondria 

are highly fragmented, i.e. indicating a possible apoptotic cell. Again, no evident 
correlation between α-synuclein, cofilin and mitochondria colocalization is present 
(Figure 8B). Occasionally, α-synuclein stains the perimeter of degenerating mitochondria 
(Figure 8A). This may be related to α-synuclein mediated/induced autophagic degradation 
of these organelles.  

 

Figure 7. Mitochondrial α-synuclein localization and colocalization with cofilin in 
CSM cells. Lower expressing cells (A, square) show a patterned cytoplasmic α-
synuclein staining (A, B, D, green). The colocalization with mitochondria (A, C, D, 
red) shows that α-synuclein is generally excluded from mitochondria, but is present 
in round-shaped, i.e. degenerating mitochondria. Panels E, F and G show images 
of cerulean-α-synuclein, EGFP-cofilin and mitochondia-targeted DsRed (mito-
DsRed). The colocalization between α-synuclein and cofilin (G) shows higher 
amounts of cofilin than α-synuclein in mitochondria ( green in the colocalization 
RGB overlay). 
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Figure 8. α-Synuclein autophagocytic- and cofilin apoptotic- responses in CSM 
cell. Panel A shows cerulean-α-synuclein and mitochondrially-targeted DsRed. α-
synuclein occasionally appears associated to the perimeter of degenerating 
mitochondria, suggesting a possible involvement in their autophagocytic 
degradation. In addition, panel B shows the staining of EGFP-cofilin. Highly 
fragmented and aggregated mitochondria cluster with cofilin, suggesting an 
apoptotic event. In this case, α-synuclein and cofilin staining patterns are not 
correlated. 

 

Figure 9 (caption on the next page) 
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Figure 9 (figure on the previous page). α-Synuclein and autophagic degradation of 
mitochondria. Panels A-E show a CSM cell transfected with cerulean-α-synuclein 
(blue) and stained for mitochondrial (green) and lysosomal (red) markers. Panels A 
and E show the overlay of the three fluorescence signals, whose intensities were 
saturated for better visualization of colocalizing structures (in white). Panels B-E 
show a magnification of the cell represented in panel A (square). The arrows mark 
α-synuclein inclusions that appear positive for both mitochondrial and lysosomal 
markers. 

In order to support this finding, CSM cells expressing cerulean- α-synuclein were co-
stained with fluorescent green mito- and red lysosomal- trackers. Figure 9 shows that α-
synuclein clusters that colocalize with degenerating mitochondria are positive for the 
lysosomal marker (white arrows). This supports a role for α-synuclein in the autophagic 
degradation of mitochondria. The structures represented in white are likely to be 
autophagic vacuoles. 

 
 

D. α-synuclein is ubiquitinated 
α-Synuclein is both a modulator of and degraded by the lysosomal and proteasomal 

degradation pathways [11,31]. In fact, α-synuclein can be ubiquitinated, mainly at the N-
terminal region. Figure 9 shows intensity and lifetime images of a CHO cell transfected 
only with EGFP-α-synuclein (A and B, respectively) and a cell expressing EGFP-α-
synuclein and Ubiquitin-REACh-2 (C,D). REACh-2 is a YFP mutant with a dramatically 
reduced quantum yield that can act as an acceptor for EGFP. Figure 9D shows the 
localized reduction of the GFP lifetime. The fluorescence lifetime is also moderately 
reduced (~5%) over the entire cytoplasm. The lifetime measurement was here performed 
using a wide-field frequency-domain microscope. Panel E and F show the FRET 
efficiency and fractions (the fraction of molecules that undergoes FRET in each pixel) by 
Lifetime Moment Analysis [32]. The FRET efficiency appears to be comparatively 
homogeneous (73 ± 5 %), while the FRET fractions (21 ± 6 %) increase towards the 
centre of the structure with the reduced lifetime (circle). At the resolution of our 
experiment, ubiquitinated α-synuclein thus seems to have a single conformation in which 
the GFP and REACh-2 moieties are in close proximity. The ubiquitinated α-synuclein 
appears to be concentrated in sub-cellular structures, most probably proteasomal clusters. 
Furthermore, a perinuclear reduction of lifetime in agreement with typical proteasome 
localization (data not shown) was found. The CSM cell lines provided similar results.  

The differences in ubiquitination between wild-type and mutant α-synuclein were 
assayed by image-based screening on CSM cells. A four-well labtek chamber was co-
transfected with the EGFP construct of wild-type, A30P, and A53T α-synuclein and 
REACh-2-Ubiquitin. One well was transfected with the EGFP-α-synuclein wild-type 
alone, to serve as a control and provide a non-FRET lifetime reference. Between 250 and 
300 fields of view were acquired by the unsupervised operation of the FD-FLIM system 
using a 40x objective. 
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Figure 10. α-Synuclein ubiquitination. CSM cells transfected with α-synuclein-
EGFP construct without (A) and with (B) Ubiquitin-REACh-2. The ubiquitination of 
α-synuclein causes a reduction of EGFP lifetime because of energy transfer toward 
the REACh-2 chromophore. Lifetime analysis by LiMA shows that the molecular 
fraction (α) that undergoes FRET is highly concentrated (E) while the FRET 
efficiency (ε) is more constant (F).  

The screening resulted in the acquisition of ~1900 fluorescent objects. As with FACS 
analysis, thresholding on the relative brightness and ellipsicity of cells allowed the 
identification of a homogenous population in the control experiment with an average 
lifetime of 2011 ± 2 ps (mean ± standard error, N=153). The ubiquitination of wild-type, 
A30P and A53T α-synuclein was detected by the reduction of the average lifetime to 1687 
± 11 ps (N = 163), 1762 ± 10 ps (N = 252) and 1753 ± 12 ps (N = 123), respectively. A 
smaller screening was repeated on the control cells and the reproducibility of the 
measurements was validated by the finding of a second control lifetime equal to 2010 ± 8 
ps (N = 27). The two controls are clearly equal (p < 0.01). A total number of 718 objects 
were identified as cells under our criteria. An ANOVA test identified all the tested α-
synucleins as ubiquitinated with a statistically significant difference between the wild-type 
and the two PD-related mutants, which exhibited lower FRET efficiencies, i.e. less 
ubiquitination. The A30P and A53T mutants appeared equally ubiquitinated. All the 
statistical tests were significant at a confidence level of 1%. Figure 10 shows the 
distribution of the average FRET efficiencies computed over all individual cells. The 
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control peaks around 0% and also appears narrower, i.e. more homogeneous, than the 
distributions of the ubiquitinated proteins. 

 

Figure 11.  Screening of α-synuclein ubiquitination in CSM cells. Distributions and 
histograms show the wild-type (grey), A30P (orange) and A53T (green) 
ubiquitination results from image-based screening. The curves plotted in the left 
panel represent the statistical analysis of FRET efficiencies based on single-cell 
recognition. The control (black) was performed on CSM cells expressing GFP-α-
synuclein in absence of REACh2-Ubiquitin. The reduced FRET efficiencies for the 
PD-related mutants is also apparent from the averages plotted in the right panel. 
Error bars indicate the standard error of the mean.  

Discussion 
α-Synuclein and tau clearly serve important roles in the normal homeostatic physiology 

as derailments of their function have severe consequences. However, their physiological 
role remains not fully defined because they probably fulfil a variety of functions in a 
number of different pathways and molecular complexes. These proteins derive their 
versatility from the fact that they belong to an intriguing growing family of intrinsically 
unstructured proteins. The lack of a stable overall structure endows them with the unique 
property to adapt to their different roles. α-Synuclein, and probably also tau, conforms its 
structure to encode different binding sites for a large number of proteins and membrane 
phospholipids. This “shape-shifting” nature probably allows α-synuclein to promote or 
support vesicle turnover at the synaptic membrane. Little is know about interaction of α-
synuclein with the cytoskeleton. In contrast, although the cytoskeletal role of tau is largely 
characterized, its importance at the plasma membrane is unknown. 

 
The interaction between tau and α-synuclein (figure 12A) was previously described 

using affinity chromatography and binding assays with immobilized α-synuclein [21]. In 
these in vitro studies, no differences were observed between WT, A30P and A53T α-
synuclein. A more recent work [22] showed, by a yeast-two-hybrid assay, the impairment 
of this interaction by the tau P301L mutation, a genetic defect that is responsible for 
fronto-temporal dementia with parkinsonism. Also, α-synuclein was shown to promote 
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microtubule assembly [33], indicating that it acts as a microtubule-associated protein.  
Furthermore, the two mutants A30P and A53T do not exhibit similar microtubule 
polymerizing characteristics.  

 
In the present work, we show that the colocalization between α-synuclein and tau is not 

indicative for their interaction. In fact, the highest FRET efficiencies were typically 
observed at the cell periphery where the degree of colocalization is modest. Furthermore, 
we show that α-synuclein can associate with the actin cytoskeleton (figure 12B) and that 
this interaction is predominant with cortical actin in SH-SY5Y human neuroblastoma 
cells.  

 
To the best of our knowledge, in spite of the intense investigation of α-synuclein, there 

is no previous report on its association with the actin cytoskeleton. On the other hand, 
proteomics assays [34] identified actin and several actin interacting proteins, e.g. cofilin, 
destrin and F-actin capping protein, as possible α-synuclein interaction partners.  

 
We note that we are the first to report on the use of N-terminal fusion constructs of α-

synuclein. Our choice was based on the observation that the C-terminal region of α-
synuclein can possibly inhibit the aggregation of α-synuclein by transient interactions with 
the NAC domain [6]. N-terminal constructs are thus expected to minimally interfere with 
this intramolecular stabilization. However, we are aware that the VFP moiety at the N-
terminus could equally alter the transient secondary structures of the lipid binding repeat. 
Therefore, given the novelty and the possible implications of this finding, the use of 
immunocytochemistry was necessary to confirm the interaction of α-synuclein with actin.  

 
We would like to note that parkin, a putative E3 ligase that has been implicated in the 

molecular pathophysiology of PD, was also found to decorate actin filaments [35].  A 
picture of a molecular complex or a class of molecular interactions that involve the 
cytoskeleton and the plasma membrane is therefore emerging (figure 12E). In fact, α-
synuclein and tau share the property of association with lipid micro-domains [23,30] and 
their phosphorylated by fyn [24,30], a kinase of the src family that is active when located 
at the plasma membrane. This is noteworthy when one considers that α-synuclein is 
enriched in the pre-synaptic region where it is involved in lipid vesicle binding. In these 
regions, the interaction of microtubules and the actin cytoskeleton with the plasma 
membrane is crucial for proper function.  

  
The A30P and A53T α-synuclein mutants do not promote tubulin polymerization, but 

they retain their tau interaction in vitro [33]. In cell culture, we have shown that the 
interaction with tau is decreased by the A30P mutation, while no clear effect was observed 
on the association with the actin cytoskeleton. We observed that the interaction with tau is 
not abolished, but that the probability to observe high FRET efficiencies is reduced. This 
can be explained by a reduced affinity for tau or by the induction of a conformational state 
of the A30P α-synuclein mutant when associated to tau that reduces the efficiency of the 
energy transfer. Furthermore, we showed that the interaction of α-synuclein and tau does 
not depend on the phosphorylation of serine 129 of α-synuclein that has been implicated 
in the modulation of its aggregation. 
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The interaction between tau and α-synuclein has not yet been assessed in vivo. 

However, the pathologies of α-synuclein and tau are clearly correlated. Accordingly, 
symptomatic mice carrying the A30P mutation exhibit increased pathological 
phosphorylation of tau without presenting tau aggregation [36]. On the other hand, tau and 
α-synuclein amyloid inclusions occur in symptomatic mice carrying the A53T mutation 
[37]. In general, the A53T mutation increases the propensity for fibrillation of α-
synuclein. Although the A30P mutant exhibits high toxicity, probably by the formation of 
toxic oligomeric intermediates, it is less prone to aggregation [38]. This confirms the 
notion that the formation of aggregates can be beneficial for the cell as they sequester 
toxic oligomeric intermediates, thus shielding them from the cellular interior. In vivo and 
in vitro experiments suggest that the A30P mutation possesses a lower propensity for the 
initiation of concurrent tau pathology by both its reduced affinity for tau (this work) and 
for aggregation [38]. The A53T mutant, on the other hand, is a potent initiator for tau 
fibrillation and pathology. 

 
We note that α-synuclein may compete for tau with tubulin [21] and the 14-3-3ζ protein 

[39]. 14-3-3ζ mediates tau hyper-phosphorylation by GSK3β. A large number of proteins 
such as PKC, BAD and TH, can bind alternatively to 14-3-3 proteins and synucleins [8], 
depending on the phosphorylation status of the substrate. Therefore, it is possible that 
A30P α-synuclein does not efficiently compete with the binding of 14-3-3ζ to tau, thus 
resulting in the pathological hyper-phosphorylation of tau as observed in the mouse 
model.  

 
Furthermore, 14-3-3 proteins are responsible for the stabilization of phosphorylated 

cofilin (figure 12C) in the cytoplasm [40]. Dephosphorylated cofilin translocates to the 
mitochondria and constitute an early apoptotic event [9]. This mechanism is probably 
associated with the depolymerization of mitochondrial F-actin that results in the release of 
the cytochrome C. Quantitative proteomics studies have indicated cofilin as an α-
synuclein interacting partner [34]. The modulation of cofilin by 14-3-3 also suggests a 
possible correlation between cofilin and α-synuclein. However, we did not measure a 
direct interaction between α-synuclein and cofilin, or a colocalization at the mitochondrial 
level. In fact, α-synuclein seems to be involved in the autophagic degradation of 
mitochondria. The occasional localization of α-synuclein at the outer mitochondrial 
membrane and the clustering of mitochondrial material with α-synuclein in lysosomal-
positive structures support the autophagocytosis hypothesis. It was previously reported 
that α-synuclein can be both degraded by autophagy [41] and can induce autophagic 
programmed cell death [11]. Conflicting results [10,12] showed that α-synuclein can both 
protect and elicit apoptosis. The involvement of α-synuclein in the autophagic degradation 
of mitochondria may rescue cells by avoiding the possible triggering of pro-apoptotic 
pathways by degenerating mitochondria. On the other hand, α-synuclein may elicit the 
programmed cell death by autophagocytosis. 

 
 α-Synuclein is therefore involved in both the lysosomal and proteasomal degradation 

machinery, modulating their function or leading to its degradation. Nonetheless, the 
mono- or poly- ubiquitination of α-synuclein, its proteasomal degradation and impairment 
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of proteasomal function are debated. Currently, only a rare O-glycosylated form of α-
synuclein was shown to be poli-ubiquitinated [17]. Furthermore, ubiquitination of α-
synuclein is observed both in the aggregate [16], i.e. its pathological condition, and in the 
cytoplasm (this work). Here we show that α-synuclein is ubiquitinated and that α-
synuclein can be targeted to the proteasomes. Moreover, we demonstrate that the PD-
related mutants A30P and A53T are less ubiquitinated than the wild-type protein. It was 
reported that these mutants are more prone to oligomerization than wild-type α-synuclein. 
As the lysine residues that are targeted by ubiquitination [42] are probably involved in 
oligomer stabilization and subsequent fibrillation, it is possible that they are less 
accessible to E3 ligases in A30P and A53T. On the other hand, it is conceivable that their 
different ubiquitination contributes to their increased pathological potential, possibly due 
to aberrant sorting, changed conformation, or decreased clearance. At the moment, the 
physiological relevance of the ubiquitination of α-synuclein is not clear, it can mediate its 
targeting for degradation or probably to specific sub-cellular locations (figure 12D). In 
this respect, it should be noticed that mono- and di- ubiquitination is used for membrane 
targeting. Image-based ubiquitination screening thus offers the possibility to investigate 
ubiquitination with added spatial information, single-cell-based statistics and the 
sensitivity of FRET. This technique therefore offers several advantages over biochemical 
assays. 

 
The interactome of α-synuclein contains a high number of proteins that are associated 

with mitochondria, lipid metabolism, the ubiquitin-proteasomal system, and the 
cytoskeleton. Furthermore, α-synuclein exhibits chaperone activities and shares many 
substrates with 14-3-3 proteins, often in a phosphorylation-dependent manner. 
Considering also its interaction with membranes, this may suggest that α-synuclein is an 
adapter protein that might play an important role in facilitating membrane-protein 
interactions (figure 12E).  

We investigated three classes of α-synuclein interactions: with cytoskeletal proteins, 
with mitochondria and with the ubiquitin-proteasome-system. 

The association with the cytoskeletal protein tau and actin (this work), the fact that α-
synuclein stimulates the phosphorylation of tau at the plasma membrane [21] and the 
involvement of α-synuclein in vesicle trafficking [43], may indicate that α-synuclein 
participates in a molecular mechanism that requires the co-operation of the plasma 
membrane and the cytoskeleton. Although intriguing, this possibility still has to be 
demonstrated.  

 
The occasional translocation of α-synuclein to mitochondria appears to be independent 

from cofilin, but correlated with lysosomes. Therefore, α-synuclein may induce or mediate 
autophagic degradation of degenerating mitochondria. The interaction of α-synuclein with 
pro-apoptotic proteins [8], its putative interaction with cofilin [34] and 14-3-3 [8], suggest 
a role for synuclein/14-3-3 in the modulation of programmed cell death.  

 
Finally, α-synuclein is ubiquitinated and can be targeted to the proteasomes, although 

its ubiquitin-proteasome-dependent degradation is still debated. In fact, ubiquitination 
may serve a role in the sorting of α-synuclein to other organelles, particularly for its 
down-regulation by internalization of membrane-bound forms [15]. 
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Interestingly, all these processes can be related to membrane-protein interactions. We 

did not observe an effect of serine 129 phosphorylation, but the A30P mutant exhibits a 
decreased interaction with the tau protein. Furthermore, the A30P and A53T mutants are 
less ubiquitinated than the wild-type protein. Differences between wild-type and mutants 
can also be seen with regard to their cytotoxicity.  Understanding the nature of protein 
interactions, behaviour and modifications of α-synuclein wild-type and mutant forms in 
cells will be important to gain insight into the molecular mechanisms that govern their 
physiological role and disease. 

 

Figure 12. Graphical representation of events discussed in section A-D of the 
results; panels are indicated equivalently. A) α-synuclein interacts with tau at the 
periphery of the cytoplasm in cell culture (A30P exhibits a reduced interaction); B) 
α-synuclein associates with cortical actin and stress fibers; C) α-synuclein is 
involved in the autophagic degradation of mitochondria; D) α-synuclein wild-type 
is more ubiquitinated than the A30P and A53T mutants. Panel E illustrates the 
potential physiological role of α-synuclein, i.e. mediating protein-membrane 
interaction. This property may have implications at the plasma membrane, for 
interaction with the mitochondrial membrane and other phospholipidic structure. α-
synuclein interaction could mediate also cytoskeletal-membrane interactions. 14-3-
3 and ubiquitination are two possible modulators of those interactions. References 
to details are indicated in the figure. 
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Supplemental Material 
The estimation of protein colocalization is an important tool that is broadly used in 

biological applications of microscopy. The analytical techniques that are commonly 
adopted are: i) the overlay of green and red intensity images, whose colocalization results 
in a visually distinct yellow color (also used with other color combinations); ii) inspection 
of bi-dimensional histograms that show the correlation between the intensities in the two 
channels; iii) quantitative statistical analysis based, for instance, on the computation of the 
Pearson coefficient.  

Overlaying techniques are fast, but qualitative and prone to artifacts. In fact, in order to 
appreciate colocalization, it is often necessary to apply appropriate rescaling of the 
intensities. Whenever two images are not anti-correlated it will always be possible to 
achieve some degree of colocalization. Figure 9 shows this overlaying technique between 
trhee different staining. In this case the colocalization is clear also from the analysis of 
each single channel and the overlay is merely a tool for the visual representation of the 
colocalization. 

 
The inspection of bi-dimensional histograms allows the estimation of correlation 

between the intensities of pixels belonging to two or more intensity images. Typically, the 
higher intensity values located around the diagonal are the most representative for 
colocalizing structures. The selection of those pixels allows the segmentation of the image 
in colocalizing and non-colocalizing structures. This method offers a qualitative, but 
robust, identification of colocalization. 

Finally, it is possible to compute correlation parameters, based on statistical operators 
that can be applied on the entire image or as block operators. These methods offer the 
most quantitative estimations. 

 
In this chapter we present colocalization data by a new pixel operator that is useful for 

its fast computation, quantitative and simple interpretation. We can define the symmetry 
(S) of two intensity channels (A, B) on a pixel-by-pixel basis [i,j]. The cross-correlation of 
the two channels can be estimated by the symmetry multiplied by an intensity-weighing 
function (W): 

[ ] [ ] [ ]

[ ] [ ] [ ]
[ ] [ ]

[ ] [ ] [ ]
[ ] [ ]jiBjiA

jiBjiA
jiW

jiBjiA
jiBjiA

jiS

jiSjiWjiC

ji ,,max
,,

,

,,
,,

1,

,,,

,

=

+

−
−=

⋅=

 

The latter is based on the geometric average of the two intensities, normalized by its 
maximum value computed over the entire image. This colocalization function expresses 
the percentage of relative correlation that will be maximal for two channels with high and 
similar intensities. In this method, each image is normalized to its maximum. Therefore, 
saturation of the detectors needs to be avoided. 



UNIT 3 – APPLICATIONS TO NEUROBIOLOGY 

 145 

The data was represented by equation C, named the relative colocalization. In order to 
provide a visual and simple representation of the colocalizing pixels, we occasionally 
provide a red-green-blue (RGB) overlay of A, B and C. The overlay of these three values 
identifies the colocalizing pixels in white. Contrast and brightness of RGB overlays were 
adjusted to offer suitable visualization in the printed images. 

 
 

Figure 13. Colocalization 
estimator. Two intensity 
images (A, B) were simulated 
as linear intensity gradients 
(top row). The intensity 
weighing (W) and symmetry 
(S) functions result in high 
values (middle row) which 
product highlights pixels 
whose intensity values are 
high and similar. This 
represent a colocalization 
score (C, bottom-left panel). 
The RGB overlay of the two 
intensities (A, B) with the 
colocalization (C) provides a 
visual representation of the 
co-localizing pixels (bottom-
right pane) in white. The 
colocalization function 
highlights the region of a bi-
dmensional histrograms that 
is typically selected for 
segmenting the co-localizing 
pixel of two images. 
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Summary 
Imaging Förster resonance energy transfer allows the quantitative mapping of 

biochemical events occurring at the molecular scale with the resolution of a light 
microscope. Therefore, this type of quantitative microscopy can provide a picture of 
molecular events over an entire cell or tissue. The automation of such a microscope makes 
it possible to carry out large numbers of measurements in a short period of time. This 
allows the imaging of extended samples with high resolution or the imaging of cell 
populations. High-throughput FRET imaging is therefore a quantitative technique that can 
bridge molecular and cellular microscopy, or in other terms, molecular proteomics and 
cellomics. 

 
Both automation and quantification require a thorough characterization of the methods 

and technologies. The unsupervised operation of hardware and data analysis may be prone 
to errors that originates from the automated acquisition and the subsequent automated data 
interpretation. Since several steps are carried out by unsupervised software, a single error 
in one of the automation protocols or analysis routines could lead to misleading final 
results. 

 
Besides the extensive benchmarking of the developed screening platform, a theoretical 

investigation on fluorescence lifetime and FRET photophysics was performed. Frequency-
domain wide-field lifetime detection appears to be an excellent tool for high-throughput 
screening; we thus focussed on the analysis of this technique. The limits of the typical 
frequency-domain implementations in microscopy are the reduced capability to access 
lifetime heterogeneity and a poor photon-economy. Those limitations decrease the 
possible information content and throughput of a frequency-domain-based screening 
system.  

Therefore, we revisited the theoretical background of frequency-domain lifetime 
sensing and defined novel FD pixel-based estimators for fluorescence lifetime 
heterogeneity, for the true average lifetime, and for the FRET fraction and efficiency. In 
addition, the noise sensitivity of single-frequency global analysis and the estimators used 
for the quantification of FRET fractions and efficiencies were investigated. This 
theoretical work was based on the analysis of lifetime distributions in terms of their 
moments. Therefore, this technique was named LiMA for Lifetime Moments Analysis. 

 
The photon economy of frequency-domain techniques has been previously investigated. 

Nevertheless, interesting features related to the throughput of FD were not well 
characterized. We therefore studied the efficiency of the rapid lifetime determination 
(RLD) method and the average lifetime estimators. Interestingly, FD-RLD requires the 
acquisition of only two phase images and provides a very high photon economy. This 
estimator is an excellent match for acquisition methods that acquire the two images in 
parallel. The simultaneous acquisition of the two images avoids photobleaching induced 
artefacts. Furthermore, the analysis of the relation between photon economy and the 
number of acquired images and the dependence of their acquisition time on the excitation 
light regime revealed the optimum conditions for the FD technique and related 
technologies. 
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The two theoretical frameworks, presented in chapter 2 and 3 of this dissertation, 

confirmed that the choice for a frequency-domain wide-field setup as a platform for high-
throughput high-content lifetime-based screening was correct. More importantly, tools for 
the basic understanding of FD detection and possible remedies for alleviating the two 
major limitations of its current implementations, i.e. the inability to exploit the lifetime 
heterogeneity information and a poor photon-economy, were developed. 

During the investigation of the photon economy, it was noticed that non-linear 
fluorophore responses due to high excitation rates could introduce artefacts in frequency-
domain lifetime estimations. The limits of saturation that are tolerable with respect to the 
excitation light source used were investigated.  

This finding showed that non-linear effects are not thoroughly characterized for 
lifetime- and FRET imaging. Thus, a comprehensive theoretical investigation of non-
linear effects of the photohphysics of FRET pairs is reported in the appendix of this 
dissertation. The effects of FRET-incompetent fractions, FRET frustration and sensitized 
acceptor photobleaching are reviewed here. Possible artefacts that depend on those non-
linearities and possible analytical applications of FRET frustration for steady-state or 
cross-correlation measurements are described. For the first time, the analytical description 
of FRET frustration and molecular cross-correlation is reported. A new field of possible 
applications could benefit from a better understanding of these fundamental non-linear 
physical phenomena. 

 
Although the limitations and advantages of FLIM and FRET were investigated at a 

theoretical level, one of the highest priorities in the FLIM community is the development 
of user-friendly and cost-effective technologies that may stimulate the use of FLIM in a 
broader scientific community, e.g the life and medical sciences, and the screening 
community. 

 
New technologies that may offer this possibility were therefore considered. A 

frequency-domain time-of-flight camera, originally developed for 3D vision, was 
characterized for its application to lifetime sensing (chapter 6). Furthermore, the 
application to biological relevant imaging and screening was investigated (Chapter 7). 
This all-solid-state technology can offer a compact, turnkey and cost-effective system for 
single-pass lifetime imaging at video rate. This sensor is an excellent match with the rapid 
lifetime determination algorithm and can be combined with solid-state light sources to 
construct a simple all-solid-state wide-field system. The astounding properties of this 
technology may be a breakthrough in frequency-domain lifetime sensing field once a 
camera with a higher optical efficiency becomes available. 

 
The collaboration between the Molecular Biophysics Group at the Debye Institute in 

Utrecht and the Cell Biophysics Group of the European Neuroscience Institute in 
Göttingen offered the fascinating opportunity to develop theoretical and technological 
tools with their immediate application to relevant biological and medical questions. 

The unsupervised screening platform, for example, was used for the investigation of α-
Synuclein ubiquitination. α-Synuclein is involved in the molecular pathophysiology of 
Parkinson’s disease by its aggregation. α-Synuclein is found in highly ubiquitinated form 
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in these intracellular aggregates that can impair the ubiquitin-proteasomal degradation 
system. The unsupervised FLIM allowed the demonstration that α-Synuclein is readily 
ubiquitinated and can be targeted to proteasomes. Also, the two α-Synuclein mutants 
A30P and A53T, causative for familial forms of Parkinson’s disease, are significantly less 
ubiquitinated that the wild-type protein.  

Furthermore, the localization and interactions of α-Synuclein were investigated by two-
photon time-domain FLIM, confocal microscopy and FD-FLIM.  α-Synuclein was found 
to associate with both the microtubule-associated tau protein and the actin cytoskeleton. 
This association may be of fundamental importance at the presynapse where α-Synuclein 
is enriched. In fact, α-Synuclein could be involved at the plasma membrane in a molecular 
machinery that requires its interaction with the cytoskeleton. The importance of α-
Synuclein and its association with phospholipidic membranes was also underlined by the 
finding that α-Synuclein is involved in the autophagocytic degradation of mitochondria. 

 
This PhD dissertation demonstrates that unsupervised fluorescence lifetime 

imaging can provide both high-throughput and information-content by the 
combination of automation and quantitative imaging. This novel methodology could 
offer a solution to the current challenges in proteomics and cellomics. The 
investigation of theoretical, technological and neurobiological problems was carried out 
using a number of techniques: mathematical simulations, analytical models, hardware and 
software development, molecular biology, cell culture and advanced quantitative 
fluorescence microscopy. This approach extended our knowledge on fluorescence 
lifetimes, energy transfer phenomena and related techniques, laid the foundation for an all-
solid-state unsupervised FLIM system, and led to the discovery of new molecular and 
cellular features that are important to the understanding of the molecular pathophysiology 
of Parkinson’s disease. 

 
In the near future, the ubiquitination screening on α-Synuclein will be extended to 

include the mutants S129A and S129D, to test for the possible relevance of 
phosphorylation at serine residue 129. The unsupervised FLIM will be used to investigate 
α-Synuclein oligomerization and to screen the interaction with Tau over cellular 
populations. Furthermore, α-Synuclein interactions will be screened by a yeast library 
whose single non-essential gene products have been tagged by GFP and the co-expression 
of α-Synuclein tagged with a dark chromoprotein (REACh-2) acceptor. Spectral and 
polarization detection will be added to the screening platform with the purpose of 
expanding its flexibility. This quantitative multi-parametric detection architecture may 
provide one of the most comprehensive imaging-based screening tools available for these 
tasks. 

Samenvatting 
Biochemische reacties die op moleculaire schaal optreden kunnen met behulp van 

Förster Resonantie Energie Transfer (FRET)-mikroskopie met de resolutie van een 
gebruikelijke lichtmikroskoop waargenomen worden. Deze vorm van mikroskopie kan 
dus een overzicht verschaffen van molekulaire gebeurtenissen over de gehele cel of in 
weefsels. Grote hoeveelheden metingen kunnen door automatisering in korte tijd 
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uitgevoerd worden. Dit maakt het mogelijk om grotere objekten of populaties van cellen 
met hoge resolutie te observeren. 

Grootschalige FRET mikroskopie is daarmee een quantitatieve techniek die molekulaire 
en cellulaire mikroskopie, oftewel moleculaire "proteomics" en "cellomics", kan 
verbinden. 

Zowel de automatisering als de quantificatie vereist een uitvoerige karakterisatie van de 
methoden en technieken. Het zelfstandig uitvoeren van de metingen door de hardware en 
de daaropvolgende data-analyse kan gevoelig zijn voor fouten die optreden tijdens de 
geautomatiseerde afloop van het verkrijgen en verwerken van de data. Aangezien 
verschillende stappen genomen worden door zelfstandig opererende software, kan een 
fout in een van de automatiseringsprotocollen of analyseroutinen leiden tot een verkeerde 
interpretatie van het uiteindelijke resultaat. 

 
Naast het uitgebreidomeindomeinde testen van het ontwikkelde screeningsplatform 

werden theoretische studies van fluorescentielevensduren en de fotofysica van FRET 
ondernomen. Frequentiedomein wijdveld levensduurbepalingen schijnen een uitstekende 
methode te zijn voor grootschalige screening. Om deze reden hebben wij ons op deze 
methode geconcentreerd. De beperkingen van gebruikelijke implementaties van 
frequentiedomeinmetingen in de mikroskopie zijn het verlies van informatie over 
heterogeniteit van levensduren en de slechte fotoneneconomie. Deze beperkingen zorgen 
voor een verminderde informatieinhoud en snelheid van screeningsystemen die gebaseerd 
zijn op frequentiedomeinmetingen. Om deze reden hebben we de theoretische achtergrond 
van frequentiedomeinbepalingen nogmaals onderzocht, en hebben we nieuwe pixel-
gebaseerde definities voor levensduurheterogeniteit, voor de werkelijke gemiddelde 
levensduur en voor de FRET fractie en -efficientie geformuleerd. 

Bovendien werden de gevoeligheid van globale analyse met een enkele frequentie voor 
ruis geevalueerd, en de bepalingen die gebruikt worden om FRET fracties en -efficienties 
te berekenen onderzocht. Dit theoretische werk was gebaseerd op de analyse van de 
distributies van levensduren in termen van momenten. Om deze reden hebben we deze 
methode LiMA, kort voor levensduurmomentanalyse, genoemd. 

 
De fotoneneconomie van frequentiedomeintechnieken is al bekend, maar aspecten van 

de snelheid van FD zijn nog niet uitvoerig gekarakteriseerd. Om deze reden hebben we de 
efficientie van de snelle levensduurbepalingsalgorithme (RLD) en van bepalingen van de 
gemiddelde levensduur onderzocht. Interessanterwijze blijkt de RLD, die op slechts twee 
faseopnamen gebaseerd is, een zeer hoge fotoneneconomie te bezitten. Deze bepaling is 
dus bij uitstek geschikt om in kombinatie gebruikt te worden met meetmethoden die twee 
beelden in parallel genereren. De simultane opname van de twee beelden verhindert 
artefacten die door het bleken van fluorescentie tijdens de opname(n) ontstaan. Bovendien 
konden de optimale condities voor frequentiedomein- en gerelateerde technieken 
gevonden worden uit de evaluatie van de relatie tussen de fotoneneconomie, het aantal 
opgenomen beelden en de afhankelijkheid van hun opnametijd van de soort van excitatie 
die gebruikt word. 

 
De twee theoretische studies die in hoofdstukken 2 en 3 van dit proefschrift worden 

gepresenteerd bevestigen de juistheid van de keuze voor frequentiedomein wijdveld-
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mikroskopie als platform voor grootschalige en gedetailleerde 
levensduurscreeningtoepassingen. Een belangrijke bijdrage is verder dat de nieuwe 
bepalingen tot een beter inzicht in de problemen en mogelijkheden van 
frequentiedomeintechnieken hebben geleid en dat mogelijke oplossingen gegeven konden 
worden voor de twee belangrijkste beperkingen van de huidige uitvoeringen; de 
afwezigheid van informatie over levensduurheterogeniteit en de matige fotoneneconomie. 

Tijdens de bestudering van de fotoneneconomie werd duidelijk dat niet-lineaire 
antwoorden van fluorescente kleurstoffen tijdens hoge excitatieniveaus artefacten kan 
introduceren in de levensduurbepalingen van frequentiedomeintechnieken. De 
verzadigingsgrenzen die getolereerd kunnen worden in de metingen werden verder 
onderzocht. 

De resultaten tonen dat zulke niet-lineaire effecten slecht gekarakteriseerd zijn voor 
levensduur- en FRET-mikroskopie. Een uitvoerige studie van niet-lineaire effecten in de 
fotofysica van FRET-paren is opgenomen in de appendix van dit proefschrift. Hierin 
worden effecten van FRET-incompetente fracties, FRET-frustratie en gesensitiseerde 
acceptorfluorescentiebleking behandeld. Verder worden mogelijke artefacten die door 
deze niet-lineaire effecten veroorzaakt kunnen worden, en mogelijke analytische 
applicaties van FRET-frustratie voor "steady-state" en cross-correlatiemetingen 
besproken. Dit is de eerste keer dat een analytische beschrijving van FRET-frustratie en 
moleculaire cross-correlatie gegeven word. Een beter begrip van deze fundamentele niet-
lineaire fenomenen kan tot een hele nieuwe klasse van meetmethoden leiden. 

Hoewel de beperkingen en voordelen van FRET en FLIM theoretisch werden 
onderzocht, is de belangrijkste reden die het gebruik van FLIM in een breder publiek 
verhindert een practische. Een van de hoogste prioriteiten is de ontwikkeling van 
gebruiksvriendelijke en betaalbare technologien die FLIM breed toegankelijk kunnen 
maken, bijvoorbeeld in de levenswetenschappen, de medische wetenschappen en in 
screeningstoepassingen. 

We hebben ons daarom met technologien bezig gehouden die deze mogelijkheden 
zouden kunnen bieden. Een frequentiedomein-"time-of-flight"-kamera, die oorspronkelijk 
voor 3D visie werd ontwikkelt, werd gekarakteriseerd voor de toepassing in 
levensduurmetingen. Bovendien werd de kamera gebruikt in de mikroskopie-gebaseerde 
screening van een biologisch relevante vraagstelling. Deze volledig op "solid-state" 
technologie baserende methode biedt de mogelijkheid compacte, eenvoudige en betaalbare 
systemen die in een enkele opname met "video-rate" snelheid opereren, te produceren. 
Deze technologie is bij uitstek geschikt voor de toepassing van de snelle 
levensduuralgorithme, en kan met "solid-state"-gebaseerde lichtbronnen worden 
gecombineerd tot eenvoudige maar complete wijdveldsystemen. De verbazingwekkende 
eigenschappen van deze technologie zou zelfs een doorbraak kunnen betekenen in het veld 
van frequentiedomein-levensduurmetingen als een kamera met verbeterde optische 
eigenschappen op de markt komt. 

 
De samenwerking tussen de moleculaire biofysicagroep aan het Debye instituut in 

Utrecht en de cellulaire biofysicagroep aan het europesche neurowetenschappelijke 
instituut in Göttingen heeft de fascinerende mogelijkheid geboden theoretische en 
technologische ontwikkelingen direct toe te passen in relevante biologische en medische 
vraagstellingen. Het zelfstandig opererende screeningplatform werd bijvoorbeeld gebruikt 
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om de ubiquitinering van alfa-synucleine te onderzoeken. Alfa-synucleine is door zijn 
aggregatie in cellen verantwoordelijk voor de moleculaire pathofysiologie van de ziekte 
van Parkinson. Alfa-synucleine wordt in cellen in hoog geubiquitineerde toestand in 
aggregaten gevonden, die de ubiquitine-proteasomale eiwitdegradatiemachinerie 
inhiberen. Deze onderzoekingen toonden dat het alfa-synucleine normaal in hoge mate 
geubiquitineerd word en door deze modificatie naar het proteasoom getransporteerd word 
om daar afgebroken te worden. Twee alfa-synucleine mutanten, A30P en A53T, die 
bekend zijn uit familiaire vormen van de ziekte van Parkinson, werden significant minder 
geubiquitineerd dan het wild-type eiwit. Ook werd de verdeling en interactie van het alfa-
synucleine onderzocht met 2-foton tijdsdomein-FLIM, confocale mikroskopie en 
frequentiedomein FLIM. We konden tonen dat het alfa-synucleine zowel met het 
microtubuli-geassocieerde eiwit tau en met het aktine cytoskelet een interactie aangaat. 
Deze interactie kan uitermate belangrijk blijken in de pre-synapse, waar alfa-synucleine 
verrijkt voorhanden is. Het zou kunnen zijn dat alfa-synucleine aan de plasmamembraan 
deel uitmaakt van de moleculaire machinerie die een interactie met het cytoskelet vereist. 
De observatie dat het alfa-synucleine betrokken is bij de autofagocytotische afbraak van 
mitochondrien duidt op de relevantie van de interactie van het alfa-synucleine met 
fosfolipidemembranen. 

Dit proefschrift laat zien dat zelfstandige fluorescentielevensduur-mikroskopie zowel 
grootschalig als met hoge informatieinhoud metingen kan uitvoeren door de combinatie 
van automatisering en quantitatieve mikroskopie. Deze nieuwe aanpak kan een oplossing 
bieden voor de huidige uitdagingen in proteomics an cellomics. 

De studies van theoretische, technologische en neurobiologische problemen werd 
uitgevoerd met behulp van een veeltal van technieken; mathematische simulaties, 
analytische modellen, hardware en software-ontwikkeling, moleculaire biologie, 
celkultuur en geavanceerde fluorescentiemikroskopie. Deze aanpak heeft onze kennis over 
fluorescentielevensduren, energietransferfenomenen en de daaraan gerelateerde 
technieken verdiept, heeft de basis gelegd voor een zelfstandig opererend FLIM systeem 
dat volledig op "solid-state" technologie berust, en heeft geleid tot de ontdekking van 
nieuwe moleculaire en cellulaire aspecten die belangrijk zijn voor een beter begrip van de 
moleculaire pathofysiologie van de ziekte van Parkinson. 

 
De ubiquitineringsstudie van het alfa-synulcleine zal binnenkort met de mutanten 

S129A en S129D worden uitgebreid om te testen of fosforylatie van dit residu relevant is 
voor het gedrag van alfa-synucleine. De zelfstandig opererende FLIM zal worden gebruikt 
om de oligomerisatie van het alfa-synucleine, en de interactie met tau in grote 
celpopulaties te meten. Verder zullen eiwit interactiepartners van het alfa-synucleine 
worden gezocht met behulp van een gistexpressiebank waarin de individuele niet-
essentiele genproducten vervangen zijn door fusieeiwitten met het groene fluorescente 
eiwit (GFP). Deze worden tegelijkertijd met het alfa-synucleine geexprimeerd, wat op zijn 
beurt gefuseerd is met een non-fluorescent chromoprotein (REACh) als acceptor. 
Spectrale en polarisatie meetmogelijkheden zullen worden toegevoegd aan de 
screeningsplatform zodat zijn flexibiliteit werder uitgebreid word. Deze architectuur van 
quantitatieve multiparametrische detectie kan een van de meest veelzijdige en komplete 
mikroskopie-gebaseerde screeningswerktuigen opleveren die vandaag de dag voor deze 
opgaven beschikbaar zijn. 
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