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Fluorescence lifetime and polarization-resolved imaging in cell
biology
James A Levitt1, Daniel R Matthews2, Simon M Ameer-Beg2,3 and
Klaus Suhling1
Fluorescence lifetime imaging (FLIM) and fluorescence
polarization imaging are complementary techniques that can
be used to extract information about macromolecules from
biological samples. Owing to the sensitivity of fluorescence to
the physicochemical environment, and nanometer-scale
interactions via Förster resonance energy transfer (FRET), FLIM
has been implemented in many laboratories for numerous
applications in the life sciences and beyond. This review seeks
to provide a brief overview of some of the recent advances in
the techniques and more pertinently their applications in cell
and tissue imaging. The particular merits of polarizationresolved fluorescence measurements are highlighted,
including the unique ability to elucidate the occurrence of
homo-FRET.
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parameters that is, by fluorescence intensity, wavelength,
lifetime or polarization, or combinations thereof. The
fluorescence detection sensitivity extends down to the
single molecule level, and sophisticated chemistry or
bioengineering provides an ever-growing palette of colours
afforded by fluorescent probes [1,2].
FLIM, in which contrast in the image is provided by
spatial variations in fluorescence lifetime of the probe has
become established as an extremely powerful technique
in the physical and life sciences [3,4]. The image
contrast is largely concentration and intensity independent but is sensitive to the environmental surroundings of
the fluorophore, for example pH [5,6], refractive index
[7,8] or viscosity [9]. In the absence of labels, contrast can
also be afforded using the inherent autofluorescence of
many samples, which is of interest for clinical diagnostics,
for example cancer detection and treatment [10,11]. In
cell biology FLIM is commonly used for measuring
protein–protein interactions via Förster resonance energy
transfer (FRET) using molecules labelled with appropriate dyes or fluorescent proteins [12]. The widespread use
of the FRET-FLIM technique means that careful calibration and data evaluation in FRET experiments are
necessary for reliable FRET quantification [13–15].
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Typically, FLIM measurements are made using either
single photon or multiphoton excitation from laser
sources, often Ti:Sapphire lasers, or low-cost light-emitting diodes (LEDs). The recent availability of compact
broadband supercontinuum sources allows excitation
across the wavelength range of the visible region with
a reduced complexity of the experimental arrangement,
and FLIM can be performed using LEDs for both time
[16] and frequency domain [17] measurements. The
signal can be detected with a photomultiplier or diode
in scanning systems, and with a gated or modulated
intensified camera in wide-field imaging systems. While
wide-field systems are fast, time-correlated single
photon counting (TCSPC)-based FLIM with scanning
systems has an excellent signal-to-noise ratio [18],
provides intrinsic optical sectioning and is easily combined with spectral detection. Recent technical
advances have allowed for more rapid acquisition in
multiphoton FLIM by the use of multiple scanning
beams [13,19,20] and spinning (Nipkow) discs [21,22].
The reduction in acquisition times may provide the
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Introduction
Optical imaging techniques, in particular fluorescence
imaging techniques, are powerful tools in the biological
and biomedical sciences, because they are minimally invasive and can be applied to living cells and tissues. Fluorescence can be characterized by multiple parameters,
including intensity, wavelength, lifetime and polarization.
For its application to biological studies involving cells,
fluorescence is often measured in an imaging modality,
where the contrast in the image can be generated by these
Current Opinion in Biotechnology 2009, 20:28–36
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opportunity to study dynamic processes in cells and is an
important step towards high content/throughput screening for specific protein–protein interactions for drug
discovery [23].
Spectrally resolved FLIM

Spectrally resolved fluorescence lifetime imaging (SLIM
[24] or SFLIM [25]) and multispectral FLIM [26,27]
record the lifetime and spectrum of the fluorescence in
each pixel of an image and have been used to study
autofluorescence from unstained tissue. Such multidimensional imaging with parallel acquisition allows simultaneously for additional contrast in the recorded image
and identification of multiple species. Most of these
systems work with beam scanning, but a streak camerabased system for simultaneous acquisition of fluorescence
decay and spectrum in 9 or 16 pixels using a microlens
array and stage-scanning for multiphoton excitation has
also been demonstrated [28,29]. This system has been
used for imaging dyes in cells and autofluorescence
imaging of cells.
Applications

The FRET-FLIM technique is becoming increasingly
popular for the study of protein–protein interactions in
living cells, as it allows for the detection of the proximity
of two fluorescent probes well below the diffractionlimited optical resolution [12]. For example, FLIM has
recently been used to study the different interactions of
green fluorescent protein (GFP)-labelled fibroblast
growth factor receptors (FGFR) FRS2 (FGFR substrate
2) with a monomeric red fluorescent protein (mRFP)labelled wild type and a mutant receptor [30]. Different
interactions were observed after a single point mutation,
thus introducing a higher level of complexity into the
efforts to understand cell signalling and complicating
systems biology interpretations. FLIM has also recently
been used to elucidate the presence of microclusters of
phosphorylated inhibitory killer immunoglobulin-like
receptors (KIR) in immunological synapses. Using a
GFP-tagged receptor and Cy3-tagged antibody, FRET
was observed at the synapse [34]. The technique has been
used to study integrin-effector binding using a4 and b1
integrin in a quantitative manner using a GFP-mRFP
FRET pair [35]. In the study FRET-FLIM was used to
give information on how the conformational state of the
receptor may determine the activity of anti-integrin molecules, by using assays capable of detecting integrineffector binding. The technique may have potential for
screening assays of small molecule inhibitors. A ratiometric chloride indicator Clomeleon based on cyan fluorescent protein (CFP) and Topaz, a variant of yellow
fluorescent protein (YFP), was used for FRET-FLIM
as part of a study of neuronal development by monitoring
intracellular chloride concentrations. It was found that the
FRET signal correlated well with the neuronal development, with the Clomeleon lifetime reporting on the
www.sciencedirect.com

concentration of chloride in neurons [36]. A different
FRET pair, Cerulean and Citrine has been used to
monitor synaptic interactions involving the presynaptic
protein Bassoon in COS-7 cells and hippocampal neurons
[37]. By using FRET-FLIM the importance of Bassoon
for the formation of a macromolecular complex by corecruitment of two interaction partner proteins was determined. This FRET pair was also utilized for monitoring
interactions between elongin B and elongin C, which
form a complex with the van Hippel-Landau (VHL) gene
product. By labelling elongin C with both Cerulean and
Citrine at the N-terminus and C-terminus, respectively, a
small increase in the intramolecular FRET efficiency was
observed, suggestive of a conformational change in elongin C when co-expressed with elongin B [38]. Developments in acceptor chromophores, including acceptors that
do not fluoresce [39], are allowing for more sophisticated
assays to be implemented. These ‘‘dark’’ acceptors permit the use of a larger spectral window for measuring
donor fluorescence by removing the complications associated with the overlap of donor and acceptor emission.
Furthermore, the spectral window left available by the
absence of the acceptor emission can be utilized for other
probes in multiplexed experiments. Multiplexing for
FRET experiments has also been demonstrated using
the FLIM-FRET of a TagRFP/mPlum FRET pair
alongside spectral ratiometric imaging of an ECFP/Venus
pair. Using these two FRET pairs the authors were able to
measure the calcium flux and GTP-ase activation simultaneously in cells [40]. Other recent developments include super-resolution FLIM with ultra-high spatial
resolution using stimulated emission depletion (STED)
microscopy [31], for studies of biological processes on
length scales below the classical diffraction limit, and also
the combination of FLIM with microfluidics [32,33].
Polarization-resolved fluorescence imaging

Polarization measurements can yield information on the
properties of a sample that cannot be extracted by simple
intensity and lifetime methods, as summarized in
Table 1. These include molecular orientation, energy
migration (homo-FRET), and rotational diffusion that
can all lead to a depolarization of the emitted fluorescence. For these measurements it is most useful to
discuss polarization in terms of the fluorescence anisotropy, r, as defined by the Jablonski-Perrin equation for
isotropic samples:
1
1
¼ ð1 þ 6Drot t f Þ
r r0

(1)

where r0 is the initial anisotropy, a fixed molecular property given by the orientation of the absorption and emission transition dipole moments, Drot is the rotational
diffusion coefficient that can be used to deduce the
hydrodynamic volume of a fluorescent molecule or the
viscosity of the surrounding medium and tf is the fluorescence lifetime.
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Table 1
Biologically relevant benefits/uses of polarization-resolved fluorescence measurements

References

Potentially higher dynamic range than lifetime measurements
for hetero-FRET experiments in typical time-domain
FLIM, provided a sufficient number of photons are collected.
Use of one type of label makes larger spectral window open
for other probes and multi-dimensional fluorescence
measurements, plus reduced labelling effort

[15,53]

Measurements of rotational mobility of fluorophores:
Used for monitoring
changes in nuclear morphology
membrane fluidity
digestion of DNA by nucleases.

[43]
[44]
[45]

Measurements of energy migration (or homo-FRET):
Determination of
cluster sizes of GFP-labelled lipid markers
oligomerization states/degree of oligomerization
heterogeneity of lipid order on nano-scale in plasma membrane.

[59]
[60]
[58,60]

The molecular tumbling is described by the rotational
correlation time, w, for which use of the Stokes–Einstein
equation gives

used to provide a greater dynamic range for anisotropy
measurements [42].

’ ¼ ð6Drot Þ1 ¼ hV =kT

Anisotropy imaging

(2)

where k is the Boltzmann constant, T is the absolute
temperature, V is the molecular hydrodynamic volume
of the fluorophore and h is the viscosity of the medium
[41].
In practice the sample is excited using a linearly polarized
light source, and the time-resolved intensities of the
components of the fluorescence polarized parallel, I//(t),
and perpendicular, I?(t), to the polarization vector of the
excitation source are measured. The time-resolved fluorescence anisotropy is then
rðtÞ ¼

I == ðtÞ  GI ? ðtÞ
I == ðtÞ þ 2GI ? ðtÞ

(3)

where the factor G accounts for the differences in detection
sensitivity between the two orthogonal polarizations, and
the denominator is proportional to the total fluorescence
intensity. The extent of depolarization of the fluorescence
emission allows for the determination of the rotational
motion, the nature of the environment and the occurrence
of energy transfer. Owing to the nature of the photoselection process for absorption, multiphoton excitation can be

Anisotropy imaging can be performed as steady-state or
time-resolved measurements in the time-domain or frequency-domain and using scanning or wide-field methods,
as summarized in Table 2. The experimental geometry
requires a polarizer, or polarizing beamsplitter, in the
detection arm for single or two-detector (simultaneous)
polarization-resolved measurements, respectively. The
key advantage of using two detectors or a polarizing beamsplitter is the simultaneous acquisition of the orthogonal
polarization components. This minimizes artefacts owing
to photobleaching, movement or other changes in the
sample as well as instrumental drift, and is also faster than
two sequential acquisitions. For time-resolved measurements, the excitation source source must be modulated or
pulsed, and the detection can be modulated, or based on
time-gating or TCSPC. An example of the experimental
arrangement for laser-scanning, time-resolved fluorescence
anisotropy microscopy based on TCSPC is shown in
Figure 1. In the case of microscopy, one must be aware
of, and correct for, any depolarization that occurs in the
optical train of the system, particularly when using high
numerical aperture objectives, which can significantly
reduce the r0 value recovered.

Table 2
Fluorescence anisotropy imaging implementations.
Implementation/advantages

Steady state

Scanning
+ intrinsic optical sectioning
+ easy spectral multiplexing

[63,64]

Time-domain TCSPC
Frequency domain

[58]

Time-domain [47,48], [59]
Frequency domain [49]

Wide-field
+ fast
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Figure 1

Experimental arrangement for time-resolved fluorescence anisotropy imaging measurements using time-correlated single photon counting (TCSPC)
detection. A linearly polarized pulsed laser source is used to excite the sample and the fluorescence is passed through a polarizing beamsplitter cube
(PBS) with the orthogonal components of the polarization detected by two detectors (D1, D2) simultaneously. The outputs from the detectors are fed
into a multi-channel router and into a TCSPC card. The parallel and perpendicular fluorescence decays are measured for each pixel. Arrows in the
beam path indicate the polarization state of the light. Two polarization-resolved images are measured simultaneously and can be processed to
generate an anisotropy image, or alternatively a region of interest may be selected and an anisotropy decay can be extracted using Eq. (3). From these
data the rotational correlation time and viscosity, or molecular volume can be calculated using Eqs. (2) and (3).

Steady-state

Many steady-state studies have made use of the fact that
small fluorescent molecules have an anisotropy value of
close to zero in solution, because the right hand side of
Eq. (1) is very large, due to the high value of the rotational
diffusion coefficient. Any increases in measured r are
typically due to a reduction in the rotational mobility
of the fluorophore. Steady-state anisotropy imaging has
been used to monitor the compaction states of chromatin
with associated changes in the morphology of the nucleus
of HeLa cells expressing H2B-GFP when treated with
trichostatin-A (TSA) [43]. More densely packed chromatin results in a reduction in the rotational mobility of the
labelled species and therefore higher anisotropy values.
In another example, by monitoring the rotational
dynamics via anisotropy imaging of FITC-CD44Ab
labelled PG cells, the fluidity of the cell membrane upon
stimulation of the cells using berberine has been
measured [44]. TAMRA-labelled DNA injected into live
cells from a breast cancer line MDA-MB-231 was
measured using steady-state anisotropy imaging to
monitor digestion of the DNA by nucleases in localized
areas of the cell as a function of time [45]. A decrease in
the anisotropy value from the nucleus and cytoplasm of
live cells occurred as the labelled DNA fragments were
www.sciencedirect.com

cleaved. In this case, anisotropy measurements offer a
distinct advantage over FRET assays. For the latter, there
may be a sharp decrease in the FRET efficiency arising
when one of the FRET pair becomes separated from the
other during DNA digestion. However, the FRET pair
may thus only be reporting on a single specific digestive
cut whereas anisotropy measurements reflect a more
extensive range of digestive cuts separating all labelled
products into small oligonucleotides during the digestion
process. Conversely, the elongation of F-actin has been
measured with a dye-labelled G-actin probe [46]. In this
case, the anisotropy is enhanced as a function of time
owing to the increasing polymerization of actin.
Time-resolved

While steady-state anisotropy imaging with polarizationresolved beam-splitting optics is relatively simple, the
added complexity of implementing time-resolved fluorescence anisotropy imaging and analyzing the data has
meant that there are relatively few examples to date.
While time-resolved fluorescence anisotropy decay
curves have been measured in cells through microscopes,
images where the contrast is generated by the rotational
correlation time are rare. A wide-field, time-gated system
with a polarization-resolved imager and intensified CCD
Current Opinion in Biotechnology 2009, 20:28–36
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detection was used to measure the effects of solvent
viscosity on the rotational correlation time of rhodamine
6G [47] and also live B-cells stained with a fluorescein
derivative [48]. In practice, measurements of the parallel
and perpendicularly polarized components of the timeresolved fluorescence can be made over a whole image or
by selecting a region of interest or single ‘spot’ and
recording anisotropy decays. The latter allows for better
statistics in the anisotropy decays with typically reduced
acquisition times but sacrifices imaging the spatial variations in the anisotropy explicitly. Wide-field, frequencydomain anisotropy FLIM (termed rFLIM) was used to
measure anisotropy decays of dyes in solutions of varying
viscosity and GFP in bacteria [49], and a system based on
wide-field TCSPC for anisotropy measurements has
recently been presented [50]. An example of polarization-resolved FLIM of a GFP-tagged KIR receptor in
a natural killer cell is shown in Figure 3, using the
experimental set-up shown in Figure 1. The rotational
correlation time of GFP is around 15 ns, in good agreement with previous work and the value expected for a
27 kDa protein. In a study of IgE receptor cross-linking,
FLIM and one-photon and two-photon steady-state fluorescence anisotropy imaging was complemented by timeresolved anisotropy measurements on small defined
regions of interest. Using dye-labelled IgE receptor complexes nanoscale membrane order was probed in mast
cells [51]. It was proposed that the cross-linking resulted
in ordered domains that act to facilitate signalling. Polarization-difference imaging and time-resolved anisotropy
have also been used to study cancerous tissues. It was
shown that Cybesin-stained cancerous tissue exhibits a
higher anisotropy value than normal tissue [52], and this
may have potential as a diagnostic tool for distinguishing
cancerous and healthy tissue in clinical screening.

Figure 2

Hetero-FRET

Measurements using fluorescent proteins may be complicated by the fact that the rotational correlation time is
long compared to the fluorescence lifetime, in contrast to
smaller dye molecules, for example rhodamine 6G, where
the opposite is true and a complete anisotropy decay can
be recorded [19]. However, the slow rotational diffusion
times for fluorescent proteins can be advantageous for
polarization-resolved microscopy measurements of
FRET because of a potentially higher dynamic range
than that afforded by FLIM. The method has been
applied to image COS7 cells expressing variants of the
fluorescent proteins Venus and Cerulean as a FRET pair
both in a wide-field and laser scanning configuration. The
study showed the viability of polarization-resolved imaging as an indicator of FRET with potential for high
throughput screening assays [53]. Hetero-FRET using
CFP and YFP measured via anisotropy was further used
to show conformational changes in a human G-proteincoupled receptor. The changes resulted from applied
shear stress and mechano-chemical modifications of the
Current Opinion in Biotechnology 2009, 20:28–36

GFP photophysical properties and homo-FRET. (a) The absorption and
emission spectra of GFP. The small Stokes shift means that there is a
significant overlap between the spectra. (b) The energy transfer
efficiency vs. distance separating the fluorophores for FRET. When the
donor–acceptor distance, R, is equal to the Förster radius, R0, the
transfer efficiency is 50%. The cartoon (inset) shows the case for a
system with two GFP labels (either double-labelled or dimerized)
undergoing homo-FRET. Upon excitation, energy transfer occurs in both
directions (i.e. the GFP is both donor and acceptor). Both of the GFP
labels emit and as such no shortening of the GFP fluorescence lifetime is
observed, nor is there a change in the emission spectrum. The
phenomenon can only be observed using polarization-resolved
measurements as the occurrence of homo-FRET leads to a decrease in
fluorescence anisotropy. (c) A schematic representation of the
depolarization process during homo-FRET. Molecules with transition
dipole moments for absorption oriented parallel to the polarization state
of the incident light are preferentially excited. If FRET occurs then energy
is transferred non-radiatively to an acceptor molecule whose transition
dipole moment for emission may not be parallel to that of the donor
molecule. In this case the emitted radiation is depolarized, and for a
system where both donor and acceptor are GFP, measuring the
polarization state of the emission is the only method for determining
whether FRET has occurred.

www.sciencedirect.com
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physical properties of the plasma membrane of endothelial cells [54]. The findings may aid identifying the
role of mechanical perturbations in signalling events.
Homo-FRET

The requirements for FRET to occur include sufficient
overlap of the emission and absorption spectra of the
donor and acceptor molecules respectively. In the case
where the conditions for FRET are met by a pair of like
chromophores with a small Stokes shift, homogeneous
transfer, also known as energy migration FRET
(emFRET) or homo-FRET, can occur. This phenomenon is not typically manifested in a shortening of the
donor lifetime, a change in the steady-state intensity or a
shift in the emission spectrum, as the donor and acceptor
are essentially chemically and spectroscopically identical
(Figure 2a). However, it has recently been shown that
homo-FRET in certain specific fluorescent protein constructs does affect the measured fluorescence lifetime
[55]. In general, the non-radiative transfer of energy
between identical fluorophores introduces an additional
depolarization pathway for the fluorescence that can be
detected using polarization-resolved measurements

(Figure 2b and c). An intrinsic benefit of homo-FRET
over hetero-FRET is that the bioengineering or other
labelling technique requires only a single type of fluorescent probe, and it is particularly useful for oligomerization studies. Moreover, the use of a single fluorophore
allows for a larger spectral window to be available for
other spectral measurements within the same sample.
The presence of homo-FRET depolarization, as opposed
to rotational depolarization, can be exposed spectrally by
excitation on the red-edge of the absorption band of a
fluorophore. This acts to decrease the overlap of the
absorption and emission bands, reducing the extent of
energy transfer, and therefore of the consequent depolarization. The technique has been presented for GFP
dimers and trimers in live cell anisotropy imaging [56].
Wide-field, frequency-domain rFLIM measurements
were able to show the occurrence of homo-FRET in
GFP-expressing E. coli bacteria [49]. Caution should also
be exercised when performing FRET measurements
using CFP or Cerulean with extended time periods for
illumination due to distortions in the decays as a function
of illumination time [57]. Homo-FRET offers a unique
way of identifying oligomerization of labelled molecules

Figure 3

Example of polarization-resolved fluorescence imaging and anisotropy decays from GFP-labelled KIR receptor in a natural killer cell. The data were
measured using a laser scanning confocal microscope. The sample was excited using linearly polarized light from a Ti:Sapphire laser with orthogonal
polarization components of the emitted fluorescence collected simultaneously using two photomultipliers and TCSPC detection. Intensity images of (a)
parallel and (b) perpendicularly polarized fluorescence emission (relative to the incident light) with (c) corresponding time-resolved fluorescence decay
curves extracted by binning pixels in the images. After applying Eq. (3), (d) an anisotropy decay for the region of interest is extracted. The red line is a fit
to the time-resolved GFP fluorescence anisotropy decay curve, yielding a rotational correlation time of 15 ns. The scale bar on the images is 10 mm.
www.sciencedirect.com
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in biological environments, as it is sensitive to the separation of fluorophores on a nanometer scale. Typically,
oligomerization of macromolecules should result in an
increase of the rotational correlation time, so a decrease in
the measured anisotropy is strongly indicative of the
competing occurrence of homo-FRET in the sample.
Homo-FRET coupled with hetero-FRET and theoretical modelling showed the presence of nanometer-sized
clusters of GPI-anchored proteins at the plasma membrane of cells [58]. Similarly, homo-FRET measurements
using a time-gated photon counting confocal anisotropy
imaging system showed 3D clustering of GFP-labelled
GPI in the plasma membrane of NIH 3T3 fibroblasts with
the size of the clusters being evaluated using photobleaching methods [59]. Moreover, in a non-imaging
modality homo-FRET measured via fluorescence anisotropy has provided information regarding nanometerscale heterogeneity in lipid-order in the plasma membrane of cells [61]. In another recent development to aid
quantitative data analysis, a theoretical treatment for
extracting the oligomer size and degree of oligomerization has been presented, including the concentration
dependence of labelled species and distributions of oligomerization states [60].

Conclusion and outlook
FLIM continues to gain favour as a powerful technique
for biological sciences, and in particular determination of
protein interactions via FRET and applications to high
throughput screening and drug discovery. Technological
advances in excitation sources, detectors, data processing
and analysis will ensure that it becomes more accessible
for researchers. By exploiting the characteristics of fluorescence using multi-parameter methods in an imaging
modality, more information can be gained about the
sample in a single measurement, and the applicability
of the technique will become more widespread. In
particular, the extra information afforded by polarization-resolved methods for determination of the chemical
and physical environments of macromolecules in intracellular environments seems yet not to have been fully
exploited. The extra dynamic range available for heteroFRET measurements along with the capability of
measuring oligomerization via homo-FRET offer distinct
advantages over spectrum or lifetime-only alternatives.
Multidimensional measurements can be made using
fairly simple additions to existing FLIM apparatus, making available a wealth of information from fluorescence on
a single, robust experimental platform. Combination of
polarization-resolved fluorescence lifetime imaging with
total internal reflection microscopy will also afford advantages owing to the polarization properties of evanescent
waves [62]. Ultimately, incorporation of multi-parameter
detection, reduced acquisition times and rapid data processing will allow for a more reliable understanding of
protein interaction and cell dynamics across the biological
and life sciences.
Current Opinion in Biotechnology 2009, 20:28–36

Note added in proof
Since submission of the manuscript, a review of timeresolved fluorescence anisotropy has appeared [65], as
well as a book chapter on FRET detection by polarization-resolved fluorescence microscopy [69]. Moreover,
steady state anisotropy imaging of the mitochondria stain
DASPMI has been used to elucidate membrane potential
in cells, [66] and fluorescence-detected linear dichroism
imaging has been used to study membrane ruffles at the
periphery of an intercellular contact (immune synapse)
between an natural killer cell and a target cell [67].
Recent detector development with relevance to FLIM
has also been described: a 128  128 single photon avalanche diode (SPAD) array with 32 independent timing
circuits and picosecond time resolution has been
designed, manufactured and used for laser detection
and range finding [68]. With a 320 MHz count rate
capability, this SPAD array will be very useful for FLIM,
as the authors point out [68].
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