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Abstract The steady improvement in the imaging of cellular
processes in living tissue over the last 10–15 years through the
use of various fluorophores including organic dyes, fluorescent
proteins and quantum dots, has made observing biological
events common practice. Advances in imaging and recording
technology have made it possible to exploit a fluorophore's
fluorescence lifetime. The fluorescence lifetime is an intrinsic
parameter that is unique for each fluorophore, and that is
highly sensitive to its immediate environment and/or the
photophysical coupling to other fluorophores by the phenom-
enon Förster resonance energy transfer (FRET). The fluores-
cence lifetime has become an important tool in the construction
of optical bioassays for various cellular activities and reactions.
The measurement of the fluorescence lifetime is possible in
two formats; time domain or frequency domain, eachwith their
own advantages. Fluorescence lifetime imaging applications
have now progressed to a state where, besides their utility in
cell biological research, they can be employed as clinical
diagnostic tools. This review highlights the multitude of
fluorophores, techniques and clinical applications that make
use of fluorescence lifetime imaging microscopy (FLIM).
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Introduction

In the quest to improve our knowledge of the cell and its inner
workings, a detailed picture of signalling events is required.
Traditional biochemical analytical techniques allow identify-
ing individual molecular components of biochemical path-
ways, but this is mostly accomplished by disruption of the
cell. Therefore, fluorescence imaging has become essential by
its non-invasive approach in deducing biomolecular details of
specific signaling pathways in living cells. Subsequently,
fluorescent labelling of molecules of interest has become, over
its many decades of use, the primary method for cellular
imaging in the life sciences (Lakowicz 2006).

Ideally, as we wish to learn about fast biological events at
minute concentrations, the fluorescent labels to be used must
be fast, photostable and bright in order to detect infrequent
biological events (Resch-Genger et al. 2008). A fluorescent
probe that possesses these qualities, however, does not make it
always ideal for use in biology. Besides its spectral qualities,
the ideal biological reporter fluorophore must be biocompat-
ible, relatively non-toxic and stable under illumination at
various pH and ion concentrations. Advantageously for using
fluorescent labels in biological samples, compared to radioac-
tive labels, is the utilisation of multiple fluorescent labels in
the same sample at the same time, as long as their spectra are
resolvable (Resch-Genger et al. 2008; Walling et al. 2009).

In general, fluorophores are characterised by their excitation
and emission spectrum, and their governing parameters, the
extinction coefficient — the ability to absorb light relative to its
concentration as given by Lambert–Beer's law — and quantum
yield — the efficiency with which absorbed photons are re-
emitted as fluorescence. The product of these properties defines
the brightness of a fluorophore. The basic principle of fluores-
cence can be visualised in a Jablonski diagram, in which the
energetic states of the fluorophore under illumination is displayed
(Fig. 1). Light absorption by the fluorophore (excitation) brings it
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into an excited state. Upon decay to the ground state by emitting
a photon (fluorescence), the energy of this photon is less com-
pared to the excitation energy, which is due to vibrational relax-
ation, and results in a red shift of the emission colour (Stokes
shift). In addition to these transitions that give rise to the typical
fluorescence cycle, alternate sources for energy losses can occur,
often to another fluorophore or quencher, discussed later in this
review. The interplay of these transitions defines an additional
descriptive property of the fluorescence process: the fluorophore
lifetime — the time the fluorophore spends in the excited state
prior to returning to the ground state. This parameter is inherent
to all fluorophores and is highly sensitive to the fluorophore's
molecular structure and its environment. Rarely exploited in
cellular imaging, fluorescence lifetimemeasurements permit pre-
cise recording of the fluorophores immediate environment
(Lakowicz 2006).

Autofluorescence from naturally fluorescent molecules
within the cell, tissue or medium can be a confounding con-
dition for the detection of fluorophores in biological imaging.
Examples of naturally occurring fluorescent molecules in-
clude nicotinamide adenine dinucleotide (NAD), flavin ade-
nine dinucleotide (FAD), melanin, FMN or riboflavin and the
aromatic residues in proteins, which can all contribute to
autofluorescence. As their emission mainly occur in the low-
wavelength side of the visible optical spectrum, fluorophores
whose emission is red (600–700 nm) or higher in the near-
infrared (NIR) (>700 nm) spectrum are often more useful
(Lakowicz 2006).

Today, there exists a large collection of fluorophores in var-
ious classes including organic dyes, luminescent nanoparticles
like quantum dots (QDs) and fluorescent proteins (FPs), from
which one can be selected with the desired fluorescence proper-
ties required for a particular imaging experiment (Lakowicz

2006; Resch-Genger et al. 2008). With the high sensitivity of
fluorescence detection, the biological environment or labelled
components can be interrogated through various assays (Becker
2012).

Organic dyes and immunofluorescence

Organic dyes span the entire visible spectrum and even into
the NIR spectrum (Resch-Genger et al. 2008; Terai and
Nagano 2013). As they have been utilised for many years in
various imaging techniques, a multitude of well-characterised
dyes are commercially available. These dyes possess excellent
water solubility and permit their facile covalent attachment to
various side groups of proteins (amino-, carboxy, thiol, azide,
etc.) by appropriate chemistry (Waggoner 2006; Resch-
Genger et al. 2008). Advantageously, their small size mini-
mises steric hindrance of the fluorophore label, permitting
binding of several dye molecules to a biomolecule of choice.
However, very high degrees-of-labelling is often accompanied
by undesired fluorescence quenching or target malfunction
(Resch-Genger et al. 2008).

Organic dyes can be divided into two categories: resonance
or charge transfer dyes. Resonance dyes are characterised by
structured, narrow and mirrored absorption/emission profiles,
small Stokes shifts, high extinction coefficients and quantum
yields. Charge transfer dyes on the other hand, although
showing lower extinction coefficients and quantum yields,
have well-separated, broader profiles and structureless
absorption/emission profiles with large Stokes shifts (Resch-
Genger et al. 2008). The lower brightness of these dyes is
balanced by the increased separation in their spectral detection
characteristics.

The specificity of an organic-based dye can be maximised
through its conjugation to an antibody. Modern use of organic
dyes has moved beyond the classical histological staining of
broad substance classes and has moved from a 'tinctorial' to a
'targeted' staining mode. Immunofluorescence utilises the
specificity of an antibodies' binding domain to target a dye
to a particular protein or unique protein epitope.

Organic dyes, conjugated to antibodies, have the advantage
of being applicable in imaging experiments ranging from
individual cells to tissue slices. Utilising either primary or
secondary immunofluorescence markers, labelling a protein
of interest can be achieved. As immunolabelling is primarily
used in fixed cells and tissues, their use in cell biology is
restricted to the detection of static localisations. Indirect im-
munofluorescence assays can be used to detect various bio-
logical states. In the last few years, this limitation was lifted by
the use of genetically encoded binding sites for organic dyes
that can be incorporated in proteins of use, and can be
expressed in the target tissues (Bunt and Wouters 2004).

Fig. 1 Absorption of a photon raises a ground state electron to a higher
energy state (S2). Energy losses occur either within the fluorophore (red
arrow) or through internal conversion systems to an additional
fluorophore (blue arrows) to a lower energy level (S1). Upon its return
to the ground state, the electron emits a photon, which can be detected as
fluorescence
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Quantum dots

Nanosized semiconductor crystals were found to possess
bright and photostable fluorescence properties. These QDs
were quickly exploited as fluorophores in bioimaging appli-
cations (Bruchez 2011). Spectrally, QDs are characterised by
broad absorption spectra — providing multiple excitation
options, and narrow emission spectra — permitting highly
defined and precise detection (Walling et al. 2009). The nar-
row emission spectra of QDs results from the semiconductor
shell forcing a narrow emission from the core, which enhances
fluorescence brightness but reduces photobleaching (Walling
et al. 2009). As a result, the fluorescence emission of QDs is
tunable and depends on the particle or semiconductor size
(Resch-Genger et al. 2008). Relative to organic dyes like
rhodamine, QDs are approximately 20-fold brighter, 100-
fold more photostable and occupy only one-third of the spec-
tral width of the fluorescence emission profile (Chan and Nie
1998).

Notwithstanding their near-ideal spectral properties, prior
to the employment of QDs in imaging experiments, some
consideration must be made pertaining to the blinking, sol-
vency and size of the QDs in use. The blinking of QDs, which
can be disadvantageous during single-particle tracking exper-
iments, can be averted through increasing the shell size or
decreasing the excitation intensity during imaging (Chan and
Nie 1998; Cui et al. 2007). As the shell of all QDs are
comprised of inorganic materials, various coatings must be
applied through various techniques (Chan and Nie 1998;
Parak et al. 2002; Dubertret et al. 2002; Nann 2005; Gussin
et al. 2006; Wang et al. 2007; Resch-Genger et al. 2008). As
such, the final size of QDs vary greatly depending on its core
material and the surface chemistry (Resch-Genger et al. 2008)
and as the production of QDs depend on its purpose, there is
no fixed protocol for surface conjugation of the multitude of
possible surface additions in QDs (Xing et al. 2007). An
unfortunate side effect of making QDs soluble is that their
size can vary greatly, from small QDs approximately 1–6 nm,
similar in size to most proteins, ranging up to 25 nm, depend-
ing on the coating or targeting sequences added (Åkerman
et al. 2002; Chen and Gerion 2004; Resch-Genger et al. 2008).
Although not being able to permeate the cell membrane, it is
possible to introduce QDs inside cells through non-specific/
receptor mediated endocytosis (Mitchell et al. 1999; Xing
et al. 2007; Resch-Genger et al. 2008). In order to measure
cell motility, QDs have also been utilised outside a cell with
movement across a QD-matrix labelling motile cells and
'highlighting' areas of movement (Pellegrino et al. 2003).

In most cases, the semiconductor core of QDs is made from
CdSe with a ZnS coating (Resch-Genger et al. 2008).
Cytotoxicity, as a result of heavy metal 'poisoning' through
possible Cd leakage from the QD has been observed in some
cases (Parak et al. 2005; Resch-Genger et al. 2008); however,

other studies showed no cytotoxic effects of QDs (Chen and
Gerion 2004). Either way, there is a push for cadmium free
QDs, substituting the Cd shell with InGaP, InP or CuInS, due
to the many restrictions that are currently in place with the use
of heavy metals world wide (Pons et al. 2010; Mandal et al.
2013).

Fluorescent proteins

Reportedly as early as the first century, Pliny the Elder ob-
served the slime of the jellyfish (presumed to be Pelagia
noctiluca) to glow in a way reminiscent of fire (Cubitt et al.
1995). Since the initial discovery, cloning and analysis of
Aequoria victoria green fluorescent protein (GFP)
(Shimomura et al. 1962; Chalfie et al. 1994; Tsien 1998),
members of the GFP super-family have become indispensable
tools in molecular biological imaging (Patterson et al. 1997;
Tsien 1998). Originally purified as a green emissive protein,
initial studies proved it possible to engineer colour variants
that exhibited blue and yellow fluorescence emission (Cubitt
et al. 1995). Since then, extensive work has generated colours
spanning the entire visible spectrum from 400 to 650 nm
(Matz et al. 1999; Kikuchi et al. 2008). Early work focused
on improving their expression and photostability levels and
therefore, current utilisation of FPs is relatively easy as they
are highly efficient with well-characterised optical properties.
There is a multitude of FPs currently available with a wide
range of spectral and optical properties, with many available
either commercially or on request (McNamara and Boswell
2008). Their fluorescence spectra, generally mirror images
and separated by a small Stokes shift of approximately 10–
20 nm make them suitable for many imaging techniques,
including the imaging of multiple proteins/organelles in one
experiment (Llopis et al. 1998; Shaner et al. 2005).

The use of FPs to monitor protein location was the first
application in biological imaging (Chalfie et al. 1994). Their
use in biology can be broadly categorised as to whether they
are used for passive, active or interactive monitoring. The
structure of FPs consists of an 11 stranded β-barrel and
confers a high level of stability, which has been further en-
hanced to tolerate higher levels of 'environmental stress',
including chemical, pH and photo-induced stress (Pédelacq
et al. 2005; Don Paul et al. 2011, 2013). These proteins are
most commonly utilised passively for monitoring protein
localisation and trafficking, highlighted by their extensive
use in biology. Interestingly, some proteins have been
exploited for their lack of stability as the spectral properties
of these FPs can be modulated through their interactions with
their environment. These FPs have the ability to sense and
report about their environment such as environmental pH
(Abad et al. 2004) and metabolites (Miyawaki et al. 1997).
Lastly, interactive FPs have the ability to interact with their
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environment, such as KillerRed which produces reactive ox-
ygen species upon illumination (Bulina et al. 2005; Vegh et al.
2011). FPs can also be utilised as biosensors of the cellular
environment through either single FPs (Miesenböck et al.
1998) or via functional domains fused to the β-barrel
(Griesbeck et al. 2001) making them capable of measuring
small molecules. However, the most interesting category of
biosensors are those relying on two FPs which can exploit the
phenomenon of Förster resonance energy transfer (FRET). In
the mid-1990s, the first biosensor based on FRET showed
proteolysis activity by monitoring a loss of energy transfer
between a blue and green FP (Mitra et al. 1996).

Quenchers

Often, the ability to observe fluorescence is the only consid-
eration that is made epitomised by choosing the brightest
fluorophores. However, it must be noted that the ability to
'quench' fluorescence, thus modifying the original fluorescent
signal, is also a very powerful imaging method. For example,
the specificity and sensitivity of DNA primers used in reverse
transcription-polymerase chain reaction (RT-PCR) experi-
ments can be tested by using probes containing a fluorophore
and quencher (Faltin et al. 2013). Fluorophore acceptors have
the ability to receive excited energy from a nearby donor
fluorophore. Subsequently, fluorescence from the acceptor is
observed, which is also known as sensitised emission
(Lakowicz 2006) and will be discussed later. Alternatively, if
the acceptor is non-fluorescent, i.e., a quencher, the transferred
energy will be dissipated into the surrounding environment as
heat (Lakowicz 2006). Quenching can be achieved through
various methods, the most common in molecular imaging
techniques being via FRET (Lakowicz 2006). FRET
quenching of the donor fluorophore will cause a measurable
reduction of the donor fluorescence lifetime. Quenchers are
currently available for most wavelengths in the visible spec-
trum and across all fluorophore classes. Coupled to various
protein groups or even specific antibodies, quenchers can be
used for measuring inter- or intra-molecular FRET (Gill and
Le Ru 2011).

Quenching of QDs can be achieved through the addition of
gold nanoparticles to their surface (Pons et al. 2007). Similar
to organic dyes, quenching of FPs can be accomplished with
other FPs or non-fluorescent FPs, known as chromoproteins.
The first genetically encoded 'dark' quenchers, REACh1 and
REACh2, were derived from EYFP to measure protein
ubiquitination (Ganesan et al. 2006). Since then, various FP-
based quenchers have been engineered including Ultramarine,
an intensely blue coloured quencher for donors with emissions
in the green to red range (Pettikiriarachchi et al. 2012) and
Phanta, an orange coloured quencher optimal for green emis-
sive donors (Don Paul et al. 2013).

FRET

First described by Theodore Förster over 60 years ago, FRET
is a dipole–dipole interaction that occurs between two
fluorophores that possess a spectral overlap between the do-
nor's emission and acceptor's absorbance (Fig. 2a). It is im-
portant to note that the transfer of energy is non-radiative, i.e.,
it does not involve emission and re-absorption of photons
(Förster 1948). The rate of energy transfer that occurs via
FRET is described in the following equation (Lakowicz
2006):

KFRET ¼ 1

τD

� �
R0

R

� �6

where τD is the excited state lifetime of the donor and R is the
distance separating the fluorophores. As the FRET critical
distance (R0) between two fluorophores correlates inversely
to the 6th power of separation distance, the FRET efficiency
(E) dramatically decreases with increasing distance in the
vicinity of R0 (Fig. 2b) (Berney and Danuser 2003;

Fig. 2 The CFP (cyan) and YFP (yellow) FRET–pair showing the
excitation (solid line) and emission spectra (dashed line) (a). Highlighted
(red) is the spectral overlap between CFP emission and YFP absorbance/
excitation, a requirement for FRET. Highlighting the distant dependent
nature of FRET (b), the graph explains the exact nature of FRET and
shows why it can be utilised as a 'molecular ruler'. At 50 % FRET
efficiency, the R0 value is calculated and usually expressed in nanometers
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Lakowicz 2006). The R0 distance is defined by the spectral
properties of the FRET pair, and represents the distance at
which E is 50 % (Lakowicz 2006):

R6
0 ¼ 8:79*10−5 κ2 J λð Þn−4QD

� �
;

where κ2 is the orientation factor between the two
fluorophores, QD is the donor quantum yield and J(λ) repre-
sents the overlap of donor emission and acceptor absorbance
spectra. The overlap integral J(λ) is defined as (Lakowicz
2006):

J λð Þ ¼
Z

FD λð ÞεA λð Þλ4dλ;

where FD(λ) is the normalised fluorescence emission and
εA(λ) is the molar extinction coefficient of the acceptor ab-
sorbance spectrum (Lakowicz 2006).

Distances between 1 and 10 nm can be measured using
FRET, making its application in cellular imaging ideal for the
visualisation of interactions on the nm length scale (Wu and
Brand 1994; Clegg 1995; Patterson et al. 2000; Akrap et al.
2010). The continued development of fluorophores has enabled
FRETapplications in life sciences, where elucidation of signal-
ling pathways and/or partners is often dependent on the ability
to resolve transient interactions of multiple biomolecules.

In order to 'pair' fluorophores for use in measuring FRET,
they must fulfil a number of criteria. Firstly, for optimal FRET,
the spectral overlap between donor fluorescence and acceptor
absorbancemust be as large/extensive as possible. Additionally,
the donor quantum yield and acceptor extinction coefficient
must be as high as possible. Intensity-based FRET furthermore
requires a bright acceptor so that the FRET-induced 'sensitised'
emission can be easily detected. Lastly, the angular orientation
of dipole transition moments of the donor and acceptor
fluorophores is an important factor in the efficiency of FRET.
This is described by the orientation factor κ2 in the description
of R0, and its values can range between 0 and 4. A value of 0
corresponds to a perpendicular orientation of donor and accep-
tor dipole moments, which is not capable of FRET, and 4
corresponds to a collinear orientation which results in maximal
FRET efficiency. In a completely averaging regime, where
fluorophores are assumed to possess complete rotational free-
dom, the statistical average over all sampled orientations
amounts to a value for κ2 of 2

�
3
. This value is typically used

for the calculation of R0 values in lists of FRET pairs. However,
if the FRET pairs are connected to interacting proteins, steric
restrictions apply that invalidate the assumption of a κ2 of 2

�
3
.

Thus, the value for R0 might significantly deviate from the
expected values that are based on the averaging regime. This

is also the reason why great care should be taken in the
estimation of separation distances from FRET efficiencies.

In measuring FRET, these requirements are not always able
to be optimised. Maximising spectral overlap introduces
bleed-through of donor emission to the acceptor channel and
the excitation of the acceptor at donor wavelengths, problems
that require extensive correction in sensitised emission FRET
(Berney and Danuser 2003). As a large section of the available
spectral window is occupied when the emission of two
fluorophores is monitored, the use of multiple FRET pairs
often difficult (He et al. 2005; Ai et al. 2008).

FLIM

FRET between donor and acceptor fluorophores quench the
donor fluorescence in proportion to the efficiency of FRET as
the fluorescence lifetime is proportional to the fluorophores'
'specific brightness', i.e., its quantum yield. This change in
lifetime can be observed by fluorescence lifetime imaging
microscopy (FLIM) (Bastiaens and Squire 1999; Lakowicz
2006).

As the fluorescence lifetime is an intrinsic property of a
particular fluorophore and independent of fluorophore con-
centration, FLIM is advantageously compared to intensity-
based FRET measurements. In contrast to intensity-based
FRET measurements, donor lifetime measurements suffice
to detect environmental changes, and the measurement puts
no demands on the acceptor quantum yield characteristics
(Bastiaens and Squire 1999; Chen et al. 2003). It is even
possible, and in some cases beneficial, to utilise non-
fluorescent acceptors to measure FRET–FLIM (Ganesan
et al. 2006). The use of 'dark' acceptors in FLIM measure-
ments allows wider detection range for donor emission. More
advanced FRET–FLIM measurements that involve the
switching of the absorption properties of the acceptor, such
as pcFRET, can be used (Subach et al. 2010; Petchprayoon
and Marriott 2010; Don Paul et al. 2013).

FLIM is generally subdivided into time domain (TD) or
frequency domain (FD) methods (Chen et al. 2003; van
Munster and Gadella 2005). Both approaches follow the ef-
fects succeeding an excited fluorophore, but the acquisition
and analysis of the data differ. In TD FLIM, fluorophores are
excited by a train of very short discrete light pulses. The decay
kinetics of the excited state are sampled by measuring the
arrival time of the first photon with respect to the excitation
pulse. FD FLIM, on the other hand, typically uses a periodi-
cally modulated light source, rather than light pulses, to de-
termine the modulation in the emission signal that is generated
by the duration of the excited state. This distortion causes
changes in the time-integrated signal on a regular charge-
coupled device (CCD) camera, from which the fluorescence
lifetime can then be estimated. Both modes can be used in
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wide-field and scanning microscopes. Most common set-ups
for FD FLIM utilise wide-field microscopywhilst TD FLIM is
mostly based on laser scanning microscopy. The difference in
methodology can be reflected in their biological applications
with FD FLIM being faster and therefore applied to living
cells, whilst TD FLIM requires longer acquisition times and
therefore preferentially used in fixed samples.

Time domain FLIM techniques

In TD FLIM, very short pulses (femtoseconds to picoseconds)
of light are used to sample the fluorescence decay of a
fluorophore. Following data acquisition, the shape of the
decay function is fitted to an exponential decay model to
determine its fluorescence lifetime. The most common imple-
mentation is time-correlated single photon counting (TCSPC)
where the arrival time of many single emitted photons are
recorded with respect to the excitation laser pulse for the
different scanned positions in the image.

Current detectors exhibit 'dead times', i.e., a delay time in
which the detector cannot record a new photon, that are long
with respect to the lifetime, typically in the μs range. As most
fluorophores have fluorescence lifetimes of a few ns, a large
number of photons are missed by the detector while it resets.
Recording a time-resolved decay curve from a single excita-
tion burst of a fluorophore would require extremely fast de-
tectors with a time resolution in the tens of picoseconds. As no
such detector currently exists, TCSPC FLIM uses a periodic
excitation scheme extended over multiple excitation events. In
this way, a decay curve is reconstructed from single photon
events collected over many cycles (Fig. 3a). In order to
unambiguously assign the emission photon to the excitation
event, the emission probability per event is kept low. As not
every excitation pulse generates a photon, the excitation pulse
immediately following a detected photon incident is used as a
time reference in a 'reverse start–stop' procedure (Fig. 3b).

One major disadvantage of TCSPC FLIM is the long
acquisition time. It can take up to 10 min or longer to gather
enough photons for a reliable lifetime fitting procedure. In
most cases, the count rates of TCSPC FLIM systems are not
the limiting factor. Count rates of TCSPC FLIM systems can
range up to ten megacounts per second and is limited mainly
by the photostability of the dye and the scanning speed of the
microscope but not by the counting ability of the detection
system (Becker et al. 2004; Katsoulidou et al. 2007; Becker
et al. 2009). The optimisation for brightness of fluorophores
like mCerulean3 (Markwardt et al. 2011) or mTurquoise2
(Goedhart et al. 2012) is one way to reduce the acquisition
times. Additionally, the use of less photon-demanding fitting
routines, e.g., Bayesian fitting (Rowley et al. 2011), can be
used to reduce the acquisition times.

While TCSPC FLIM aims to reconstruct the fluorescent
decay profile by timing single photon events, an alternative
method of sampling decay kinetics after a brief light pulse is to
record photons in consecutive time bins. At the core of a time-
gated FLIM system is the image intensifier. On arrival of
photons at the photocathode, photoelectrons are produced by
the photoelectric effect, which are then multiplied thousand-
fold in the multichannel plate before generating photons on
the anode phosphor screen that are imaged by a CCD camera.
The image intensifier can be gated in time with high temporal
resolution by application of a gating pulse (Dymoke-
Bradshaw 1993). As the intensifier gating is synchronised
with the pulsed excitation signal, the camera is opened in the
same relative period in successive excitation cycles, gaining
time-integrated signals of the decay at arbitrary total exposure
times (Fig. 4). The decay is sampled at two or more positions
in time. In case of two time gates of equal width and a mono-

Fig. 3 An initial short excitation pulse (red peak) excites fluorophores in
a sample into an excited state. The time between the excitation pulse and
detection of the emitted photon is recorded and this process repeated as
many times as required to build an accurate decay profile (a). Following
the recording of numerous arrival times of photons, a fluorescence decay
kinetic profile can be calculated (b). A decrease τ of a donor (solid line)
indicates an interaction with another chromophore or quencher or is due
to changed environmental factors (dashed line). The corresponding time
at an intensity of 1/e denotes the fluorophores lifetime (dotted lines)
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exponential fluorescence decay, the fluorescence lifetime can
be easily determined from the ratio of the recorded intensities
by the rapid lifetime determination (RLD) formula (Ballew
and Demas 1991):

τ ¼ Δτ
In I1=I0ð Þ ;

where I0 and I1 represent the images recorded in the first and
second time bin and Δτ is the gating time. For multi-
exponential decay kinetics, the time-gating implementation
with two time gates yields an average lifetime, which is
sufficient to provide lifetime contrast of biological probes.
More than two time gates have been shown to provide quan-
titative results for biological samples containing multi-
exponential decays (Scully et al. 1997; Esposito and
Wouters 2004).

Time-gated image intensifiers can be used with scanning
microscopes (Wang et al. 1991; Cole et al. 2001; Webb et al.
2002) but more interesting is the combination with wide-field
set-ups because the CCD chip based detection system allows
the simultaneous acquisition of all spatial information at once,
translating in an increase in acquisition speed compared to
sampling the image by scanning (Wang et al. 1992; Scully
et al. 1996; Dowling et al. 1997). A faster way to record time-
gated FLIM on a scanned system is via multi-beam scanning
as described by (Straub and Hell 1998).

The image analysis of the RLD method affords significant-
ly shorter calculation time and is surprisingly robust and
effective at providing lifetime-based contrasts in biological
probes in real time (Ballew and Demas 1989; Esposito et al.
2007). The acquisition times are generally shorter than

techniques based on spatial scanning. As the number of time
gates is inversely proportional to photon counting efficiency,
the more time gates used to sample the decay function, the
fewer photons will be recorded.

The problem of photon efficiency can be eased by record-
ing in only a few time gates in combination with a single-shot
detection configuration. Single-shot detection splits an image
into two or more images using a beam splitter and each image
is designated to a different time bin. In one implementation,
one of the two images was projected immediately onto the
gated image intensifier while the other image was delayed by
taking a detour of several meters before being projected onto
the same detector (Agronskaia et al. 2003). For simultaneous,
parallel detection, the system is equipped with a four-channel
optical splitter working in conjunction with a segmented gated
image intensifier. Unlike a conventional image intensifier, the
photocathode is subdivided into four quadrants by resistive
sectioning, providing four channels, which can be gated at
different delay times. The image splitter can therefore relay
four sub-images of the sample onto four quadrants of the
detector (Elson et al. 2004).

Despite the obvious speed advantage of gated wide-field
FLIM setups, it should be noted that the lack of confocal out-
of-focus light rejection can cause the mixing of fluorescent
signals with different lifetime characteristics, thereby reducing
lifetime contrast.

TD FLIM image analysis

Despite the relative simplicity and speed of the RLD method
(Ballew and Demas 1989), it only estimates the average
lifetime of all lifetime components weighted by their individ-
ual contribution to the mixture.Most FLIM applications in life
sciences must deal with multi-exponential decays, derived
from mixtures of fluorophores, spectrally similar but
possessing different lifetimes. The average fluorescence life-
time can be useful in the case of FRET as it provides contrast
between the quenched and unquenched donor. However, due
to the fact that the decay curve is strongly under sampled, it is
not possible to extract single lifetimes from multi-exponential
decay curves. Consequently, determining fractions of donor
molecules, which do or do not engage in FRET is not easily
possible.

The only technique providing direct access to parameters
of multi-exponential decays is TCSPC FLIM. The data from
TCSPC measurements usually consists of a large number of
photons recorded in a many time channels for each pixel of an
image. These photon numbers and corresponding time chan-
nels resemble fluorescence decay curves in each pixel of the
image. Importantly, at this stage, the data is still a convolution
of fluorophore data and the instrument response function
(IRF). The IRF is the response of the detection system to only

Fig. 4 A short excitation pulse (red peak), excites fluorophores in a
sample and following a short delay, a series of gated pulse windows
(white columns) are 'opened'. Photons emitted from excited fluorophores
arriving at the detector within these windows are recorded (green
columns). By varying the number and 'time' these gates are open, an
exponential curve estimating a fluorophores lifetime can be determined
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the excitation pulse and can be measured or calculated from
the decay function by Fourier analysis. The deconvolved
decay curve can then be fitted to a mathematical model of
choice until the best fit is achieved (O'Connor 1984).

Frequency domain FLIM techniques

FD FLIM employs an excitation light source which is period-
ically modulated in intensity rather than a train of very short
excitation light pulses. The emitted fluorescence is shifted in
phase and the amplitude is demodulated relative to the exci-
tation light. The distortion in the temporal emission profile
resulting from the time that a fluorophore spends in an excited
state before emitting a photon is used to estimate the fluores-
cence lifetime (Fig. 5). The modulation of the excitation can
be a sinusoidal or block wave. Sine wave excitation will result
in an emission sine wave of the same frequency, but shifted in

will lose higher-order frequencies as the emission will 'smear
out' the sharp edges of the block wave. Provided that a lifetime
is long enough, the block wave will result in a sine wave at the
fundamental modulation frequency. These effects are de-
scribed in (Lakowicz 2006):

modulation frequencyω, τM is the modulation lifetime andM
is the modulation.

The emission function is therefore 'dampened' according to
the fluorescence lifetime of the fluorophore. An analogue
from elementary school physics helps us to intuitively under-
stand the connection between lifetime, phase delay and the

reduction in amplitude. Imagine a movable arm (modulated
exCitation) connected to a spring and a weight. Oscillation of
the arm moves the weight and compared to the movement of
the arm, movement of the weight is delayed in time and its
amplitude is reduced. The parameter that defines delay and
demodulation is the spring constant. In our model, it is equiv-
alent to the fluorescence lifetime. A small spring constant/
lifetime will result in a small phase delay while a large spring
constant/lifetime will cause a large phase delay. The amplitude
will be larger for small lifetimes and smaller for large lifetimes.

As biological fluorophores usually possess fluorescence
lifetimes in the nanosecond range, the excitation intensity is
modulated at tens of Megahertz. If the modulation frequency
is too low, the fluorescence will decay before the excitation
cycle is completed. If the excitation frequency is too high,
excited fluorophores will still be emitting whilst the excitation
cycle starts again leading to saturation and an averaging-out of
the modulation. Different lifetime components in a sample
therefore require multiple frequencies (Colyer et al. 2008).
The lifetime of a fluorophore can be determined directly via its
phase delay or modulation ratio at different modulation fre-
quencies. For single exponential decays, if the decay kinetics
are best fit to a single exponential decay function, the lifetime
phase shift and modulation change will be the same at all
frequencies. If the decay is multi-exponential, then the lifetime
phase shift will be smaller than the lifetimemodulation change
and their values will depend on the modulation frequency.
Therefore, FD FLIM provides immediate information on life-
time heterogeneity.

The high acquisition speeds of FD FLIM make it an ideal
technique for fluorescence lifetime measurements of living
cells. One of the reasons why, nevertheless, TD equipment is
more widely implemented in laboratories and imaging facil-
ities is the relative complexity of FD equipment. Particularly,
the image intensifier is an expensive and vulnerable compo-
nent that, additionally, degrades the image quality.

For this reason, complete camera-based systems for FLIM
will likely replace the conventional image intensifier-based
implementation. We have implemented one such all-solid-
state camera solution for FD FLIM. Based on the detector

Fig. 5 Excitation light is modulated at a known frequency, usually in a
sinusoidal manner (black line). Upon excitation of a fluorophore, light
emitted as fluorescence (grey line) is altered in its amplitude and

frequency. The change in magnitude (M) and phase (ϕ) can be used to
determine the fluorescence lifetime of a fluorophore
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phase (ϕ) and with reduced amplitude. A block wave signal

τφ ¼ tan φð Þ
ω

τM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1−M
Mωð Þ;

s

where τϕ is the phase lifetime, ϕ is the phase shift at every



design of a real-time time-of-flight 3D ranging camera (Lange
et al. 1999), the FLIM camera demodulates the periodic
emission signal in the pixel substrate of the detector chip
directly (Oggier et al. 2004; Esposito et al. 2005). To this
end, photoelectrons generated in a central photo-sensitive area
of the pixel are sorted between two connected collection bins
that are charged at opposite phase and that are cycled in
synchrony with the modulation signal driving the laser source
throughout the acquisition of the image. At the end of the
acquisition period, both bins are read out and their relative
content is representative of the average fluorescence lifetime
of the sample.

This imaging mode is the FD equivalent of the RLD in the
TD. By taking multiple images at different phase settings, the
camera can be run as a conventional image intensifier-based
FD FLIM for higher lifetime resolution. The major advantage
of the RLD modus, though, besides its high speed (up to
50 Hz full-frame FLIM), is the fact that both sub-images,
i.e., the content of both collection bins per pixel, are acquired
during the same acquisition. This parallel acquisition is not
given in any other implementation of FLIM and renders the
measurement insensitive to sample movement and bleaching
artefacts.

The photoelectron sorting process can best be understood
as the product of the probability of photon arrival (due to the
periodic intensity modulation of the laser) and the sorting
probability of the pixels (due to the modulation of the bin
charge). The peak of the sine-wave modulated laser intensity
will produce the highest photoelectron production in the pixel.
For a zero lifetime emission signal, the peak intensity will
coincide with the largest charge difference between the bins.
In this state, the photoelectrons are maximally attracted to the
positively charged, and maximally repulsed by the negatively
charged bin, filling only one bin. With increasing lifetime,
photoelectrons are generated with a delay relative to the
excitation-synchronised sorting cycle and an increasing
amount of photoelectrons escape collection in this bin and
end up in the other. This detection principle is repeated in
every pixel of the detector, yielding FLIM images at very high
temporal and spatial resolution (Fig. 6).

FD FLIM image analysis

FD FLIM techniques are often the best choice for FRET
measurements in living cells as image acquisition is rapid

Fig. 6 The time-modulated emission signals (left) are shifted in phase
and demodulated with respect to the excitation signal. For a lifetime of
zero, e.g., reflected light, the emission signal is identical to the excitation
signal (upper image), with increasing lifetime of the fluorophore, the
emission signal will experience an increasing phase shift and demodula-
tion (lower image, zero lifetime situation shown in grey). The camera
(middle block) acts as a mixer for the emission signal and the excitation
signal: the sorting efficiency of both collection bins are shown. The
sorting efficiency of Bin 1 follows the excitation signal and that of bin
2 is modulated in opposite phase. This way, the sorting probability cycles

between both bins in time in synchrony with the excitation signal. The
results of the mixing process, i.e., image formation in the camera from
both bins, are shown on the right. For a zero lifetime signal (upper), the
photoelectrons are sorted almost exclusively in Bin 1. For increasing
lifetimes (lower, zero lifetime reference shown in grey), less photoelec-
trons are sorted to Bin 1 and more to Bin 2. The integrated photoelectron
content of both Bins are read out as images. From the intensity distribu-
tion between both simultaneously acquired images, the lifetime can be
estimated
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and can reach video rates (Redford and Clegg 2005).
Measurements are commonly analysed using a polar plot or
phasor plot. This offers a simple, graphical and rapid algo-
rithm for interpreting the phase and modulation data of a
single frequency measurement, which is of great assistance
in the interpretation of phase and modulation information and
the actual lifetime distribution. The measured variables are
transferred to a coordinate system with changed coordinates:
x=M(ω)×cos Φ(ω) and y=M(ω)×sin Φ(ω). A vector of the
magnitude M(ω) is projected onto a polar angular coordinate
Φ(ω) giving rise to a two-dimensional histogram (phasor) that
describes the trajectory of any single lifetime distribution.

The simple mapping of data points in a phasor plot allow
the immediate quantification of mixtures and FRET efficien-
cies. The phasor plot can also be utilised in a reciprocal
manner, where each occupied point is used as a spectroscopic
marker for a fluorophore that can be mapped to a pixel of an
image to offer a means of identifying molecules by the posi-
tion in the phasor plot (Redford and Clegg 2005; Digman et al.
2008). This form of image-guided look-up analysis and data
segmentation is very powerful for the interpretation of cellular
responses that are, necessarily of a complex spectroscopic
nature.

Endogenous fluorophores in cell and tissue

Autofluorescence arising from biological tissue and cells is
often considered background noise that contaminates the 'true'
signal and is therefore generally avoided when imaging.
Autofluorescence, however, is a complex mixture of various
fluorophores whose emission span the entire spectrum. It can
be utilised as an endogenous label of specific metabolites or
structures whose alterations can be used as a diagnostic tool.

The major sources of autofluorescence in mammalian tis-
sue are FAD and NADH, both of which play a pivotal role in
cellular energy metabolism as major electron acceptors. The
relative amount of their oxidised or reduced forms can be
broadly assumed to be indicative of the energy status of a cell.
The conjugated ring structures of FAD and NADH give rise to
fluorescence of the oxidised or reduced form, respectively.
NADH exhibits a fluorescence emissionmaximum at 460 nm,
FAD emits at 525 nm and the ratio between signals measured
at these wavelengths is indicative of the redox state of cells
and tissues (Chance 1976; Chance et al. 1979). FLIM exper-
iments have also shown that two distinct lifetimes can be
observed for NADH and FAD, depending on whether they
are bound to protein (Nakashima et al. 1980; Lakowicz et al.
1992). As the ratio between protein bound:free NADH or
FAD is indicative of the metabolic state of the cell, fluores-
cence lifetime analysis of these compounds can be used as a
diagnostic tool for changes in cellular metabolism in cancer
(Drezerk et al. 2001; Ramanujam et al. 2001; Zhang et al.

2004; Kantelhardt et al. 2007; Skala et al. 2007). In clinical
applications the non-invasive nature of FLIM has been used to
discriminate between healthy and cancer tissue in vivo by
analysing the metabolic state of those tissues. In order to
expand the use of FLIM towards intra-operative application,
FLIM-based endoscopes have been developed to enable map-
ping of cancerous tissue during surgery (Elson et al. 2007; Sun
et al. 2009; Fatakdawala et al. 2013). Fatakdawala and col-
leagues combine FLIM together with ultrasound backscatter-
ing microscopy and photoacoustic imaging within one endo-
scope probe head in order to determine the exact three-
dimensional spreading of oral cancer to assist the surgeon
(Fatakdawala et al. 2013).

Apart from cancer diagnostics, FLIM has also been applied
in the field of ophthalmology, where it has been used to map
age- or disease-related changes in the fundus of the human eye
(Feeney-Burns et al. 1980; Eldred and Katz 1988; Delori et al.
1995; Ishibashi et al. 1998). FLIM has been used to detect the
aging related pigment lipofuscin that emits in the yellow to red
spectrum (von Rückmann et al. 1995; von Rückmann et al.
2002; Einbock et al. 2004; Bindewald 2005; Schweitzer et al.
2007). Furthermore, advanced glycation end products, colla-
gen as well as elastin are of special interest in the diagnosis of
age-related macular degeneration, diabetic retinopathy or
glaucoma. Early detection of sclerotic and degenerative pro-
cesses enhances the ability for successful medical interven-
tion, making the eye a window to the rest of the body
(Schweitzer et al. 2007).

The combination of FLIM and second harmonics genera-
tion (Fine and Hansen 1971; Freund et al. 1986; Freund and
Deutsch 1986) extends this method and provides valuable
additional diagnostic information (König and Riemann
2003; Dimitrow et al. 2009; Sanchez et al. 2010; König
et al. 2011).

Concluding remarks

There should be little doubt of the importance that FLIM has
played in the life sciences and in biological imaging in the last
decade. FLIM, as fluorescence microscopy itself, would not
have gained its current popularity and utility without the
generation and continuous improvement of available
fluorophores. Ranging from some of the smallest molecules
endogenously available in a cell to synthetic conjugatable
dyes and autofluorescent proteins purified from a marine
jellyfish, fluorophores have enabled us to visualise a multitude
of events within a cell. There have been significant advances
in technical instrumentation and analytical approaches for the
quantification of fluorescent signals. The use of custom-
tailored fluorophores and assays in techniques like FRET–
FLIM have allowed the detection of interactions between
molecules at the (sub)nanometer level. The tremendous
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increase in publications that use these techniques are testa-
ment to the increase in our understanding of cellular molecular
events that they have permitted. In amongst all of these
developments in imaging, fluorescence lifetime-based tech-
niques, have only over the last 10–15 years, started to be
utilised to their full potential.
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