
CHAPTER 24
METHODS IN CELL BIOL
Copyright 2007, Elsevier Inc.
Fluorescence Lifetime Imaging Microscopy

Ching-Wei Chang, Dhruv Sud, and
Mary-Ann Mycek
Department of Biomedical Engineering, University of Michigan
Ann Arbor, Michigan 48109
I. In
OGY,
All rig
troduction
VOL. 81 0091
hts reserved. 495 DOI: 10.1016/S0091
-679X
-679X
II. F
luorophore Excited State Lifetime: t

A. B
asic Theory

B. K
ey Features of Lifetime Sensing
III. M
ethods for Creating Intracellular Lifetime Maps

A. B
asic TD and FD Approaches

B. M
icroscopy Systems Compatible with Lifetime Imaging

C. T
ime-Domain FLIM

D. F
requency-Domain FLIM
IV. F
LIM Techniques for Quantitative Cell Biology

A. F
LIM Detection of FRET Events

B. M
olecular DiVusion Rates Measured via Fluorescence Correlation

Spectroscopy (FCS)-FLIM
(

C. M
ultispectral-Multiphoton-FLIM

D. V
ideo-Rate FLIM for Single-Shot Lifetime Image Acquisition
V. S
ummary

R
eferences
I. Introduction

There has been significant growth in the use of fluorescence in the biological

sciences during the past two decades. Besides environmental monitoring, clinical

chemistry, DNA sequencing, and genetic analysis by fluorescence in situ hybridi-

zation (FISH), fluorescence is used for cell identification and sorting in flow
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cytometry, and to reveal the localization and movement of intracellular substances

in cellular imaging by means of fluorescence microscopy (Lakowicz, 1999).

Steady state fluorescence microscopy is routinely employed for studies in cell

biology to reveal information regarding cellular morphology, intracellular ion

concentrations, protein binding, lipid content, and membrane status (Rudolph

and Kempe, 1997). However, it is sensitive to some intensity-based artifacts such

as variation in excitation source intensity, detector gain setting, optical loss in the

optical path or sample, variation in sample fluorophore concentration, photo-

bleaching, and microscope focusing. Further, fluorophores with similar excitation

and emission spectra may be impossible to diVerentiate in steady state intensity

imaging.

Fluorescence lifetime imaging microscopy (FLIM) produces spatially resolved

images of fluorophore lifetime (the property describing how rapidly fluorescence

decays), providing another dimension of information for visualizing fluorophores

and an additional source of contrast. As an example, flavin adenine dinucleotide

(FAD) can be distinguished from flavin mononucleotide (FMN) in lifetime imag-

ing, so can ATTO 565 fromRhodamine B (Table I), regardless of the fact that their

spectra overlap. Further, lifetimes are known to be sensitive to the fluorophore’s
Table I
Endogenous and Exogenous Fluorophores Used in Cell Biology (ISS; Urayama and
Mycek, 2003)

Fluorophore Solvent Excitation max (nm) Emission max (nm) Lifetime (ns)

Endogenous

Tryptophan Water 295 353 3.1

Tyrosine Water 275 304 3.6

Phenylalanine Water 260 282 6.8

NAD(P)H Water 350 460 0.4

FAD Water 450 525 4.7

FMN Water 450 525 2.3

Exogenous

ATTO 565 Water 561 585 3.4

Rhodamine B Water 562 583 1.68

Cy3 PBS 548 562 0.3

Cy5 PBS 646 664 1

DAPI TRIS/EDTA 341 496 0.16

FITC PB pH 7.8 494 518 4.1

Fluorescein PB pH 7.5 495 517 4

GFP BuVer pH 8 498 516 3.2

Hoechst 33342 TRIS/EDTA 336 471 0.35

Lucifer Yellow Water 428 535 5.7

PBS, phosphate buVered saline pH 7.4; TRIS/EDTA (1 mM, pH 7.4), tris(hydroxymethyl)amino-

methane/ethylenediamine-tetraacetic acid; PB, phosphate buVer.
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local environm ent, while being general ly ind ependent of facto rs influen cing fluo-

rescence intens ity ( Lakow icz, 1999; Tadrous, 2000 ). For example, Fig. 1 illustrates

the cap ability of FRE T-FLIM to de tect local ization of phosph orylated biomol e-

cules in a cell . Fluoresce nce resonant energy trans fer (FRE T) (see Se ction IV for

details) took place when protei n kinase C a (PKC a) molec ules wer e imm uno-st ained

with both Cy3 (donor) and Cy5 (accept or), whi ch occu rred only on phos phorylat ed

PKC a molec ules a nd was indica ted by a reducti on of donor fluor escence lif etime

(Ng et al. , 1999 ). Also note that in Fig. 1, Cy3 was in a di V erent en vironm ent from

that descri bed in Table I , whi ch explai ns the lifetime di Verence and pr ovides
another exampl e of the sensi tivity of lifeti me to its local en vironmen t.

Sec tion II will begin with the ba sics of fluor ophore lifeti me, including the

characteris tics of fluor ophor e decay, a discus sion of fact ors aVecti ng fluor escence
lifetimes, an d the usefuln ess of lifeti mes a s a sou rce for co ntrast. In Section III,

approaches to measuring t and creat ing lifeti me map s will be discus sed. Both time-

domain (TD) an d frequenc y-doma in (FD) app roaches (incl uding da ta analys is)

will be descri bed along with a n intr oduc tion to di Verent microscop y method s for

lifetime imaging. Various applic ations of FLIM , ranging from commonl y used

FRET-FL IM to FCS-, MS-MP-, an d video- rate FLIM , will be highligh ted in

Section IV , follo wed by a summ ary in Sectio n V.
Fig. 1 Individual PKCa molecules were stained either with donor (Cy3) only (left panel) or with donor

and acceptor (Cy5) (right panel). FRET from Cy3 to Cy5 took place on individual PKCa molecules that

were phosphorylated after tetradecanoyl phorbol acetate (TPA) stimulation in fixed 293T cells, resulting in

a reduction of the fluorescence emission lifetime of Cy3 as demonstrated by changes in t measured in

frequency domain. Acceptor labeling was through an antibody specific for the phosphorylated form of

PKCa. EV, e ne rg y t ra ns fe r e Yciency [Eq. (42)] (Ng et al., 1999). Reprinted with permission from Ng et al.

(1999). Copyright 1999 AAAS.
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II. Fluorophore Excited State Lifetime: t
A. Basic Theory
Figure 2 is a simplified version of a Jablonski diagram to illustrate the fluores-

cence process, where S0 and S1 are the ground and first excited electronic states,

respectively, and the horizontal lines represent diVerent vibrational states of the
fluorophore. In condensed phases, after light absorption, almost all molecules

rapidly relax to the lowest vibrational state of the first excited state, from which

molecules return to the ground state via one of two decay processes: nonradiative

(k) or radiative (G) decay. The radiative decay rate G depends on the electronic

properties of an isolated fluorophore. Molecular interactions, such as dynamic (or

collisional) quenching and energy transfer, are treated in the nonradiative decay

rate k. Radiative decay is responsible for fluorescence emission, providing detect-

able photons. However, since both decays depopulate fluorescent molecules in first

excited state, with population N(t), the decay of fluorescence emission intensity,

proportional to N(t), is attributed to both decay rates, and, in the most simple

case, follows the stochastic hence exponential decay as shown in Eqs. (1) and (2).

dNðtÞ
dt

¼ �ðGþ kÞNðtÞ ð1Þ

NðtÞ ¼ N0e
�ðGþkÞt ¼ N0e

�t=t ð2Þ
whereN0 is the initial number of fluorescent molecules in the first excited state, and

t ¼ 1

Gþ k
ð3Þ

is the fluorescence lifetime, reflecting the average time a molecule spends in the

excited state prior to return to the ground state. As is evident, both nonradiative
Fig. 2 Simplified Jablonski diagram. kq, bimolecular quenching constant; [Q], quencher concentration

(Section II.B); kT, energy transfer rate constant (Section IV.A); kj, rate constant for nonradiative processes

other than dynamic quenching and FRET.
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and radiative decays play a role in the value of t, and hence in the fluorescence

emission process. Another important property of fluorophores is quantum yield,

defined as the ratio of the number of emitted photons to the number of absorbed

photons, which is given by

Q ¼ G
Gþ k

ð4Þ

Note that 0 � Q � 1 and Q can be close to unity if k � G. Generally, higher

quantum yield means brighter fluorescence signals, which is usually favored in

fluorescence applications. Although Q can be used as a source of contrast, experi-

mental protocols for estimating Q are strict and controlled, making it diYcult to

apply in biological samples.
B. Key Features of Lifetime Sensing
Fluorescence lifetime is an intrinsic property of fluorophores and is insensitive to

intensity artifacts such as variation in excitation source intensity, detection gain

setting, optical loss in the optical path or sample, variation in sample fluorophore

concentration, photobleaching, andmicroscope focusing. Figure 3 is an illustration

of intensity-independence of lifetime imaging. Despite the fact that fluorescence

intensity revealed the fluorophore concentration diVerence between samples, no

significant lifetime diVerences were observed, reflecting the insensitivity of lifetime

to intensity artifacts. On the other hand, due to the nature of the nonradiative decay

process, lifetimes are sensitive to the fluorophore’s microenvironment, including

factors such as temperature, pH, oxygen concentration, polarity, molecular asso-

ciations (binding), ion concentration, and relaxation through collisional (dynamic)

quenching and FRET.

The concepts of static and dynamic quenching are shown in Fig. 4. Static quench-

ing occurs due to the formation of nonfluorescent complexes from the interaction

between fluorophores and other molecules in solution known as quenchers. Lifetime

imaging is insensitive to static quenching, since unbound fluorophores retain their

fluorescence properties. On the other hand, dynamic quenching happens during the

decay process, when excited state fluorophores are deactivated on contact with the

quenchers. As a result, these quenched fluorophores will follow nonradiative decay

process (Fig. 2), which leads to a quicker decay of fluorescence and hence a shorter

lifetime.

Therefore, lifetime measurement provides a means of probing the local fluoro-

phore environment. FLIM was reported (Sanders et al., 1995) for quantitative

pH determination in living cells with the fluorescent probe c.SNAFL-1. It was

found that a lifetime-based approach was easier to employ than traditional ratio-

metric technique, while still providing accurate information regarding intracellular

pH. Another FLIM-based pH measurement was presented in (Lin et al., 2003),

which suggested that FLIM can measure the intracellular pH of the resting cells

and follow the pH fluctuations inside the cells after environmental perturbations.



Fig. 3 Intensity-independent fluorophore lifetimes recovered by FLIM.Despite a factor of four diVerence

in POPOP concentration and hence signal intensity (left), the three-gate protocol lifetimemap (right) showed

identical mean lifetimes for the two POPOP samples. The images were of POPOP in ethanol solutions in two

quartz capillaries. The capillary interface was on the diameter, with the circular region as the illumination

area. The intensity images were background subtracted before calculation of lifetime map (Urayama et al.,

2003). With kind permission of Springer Science and Business Media.
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Fig. 4 Static quenching (A) occurs due to the formation of nonfluorescent complexes from the interaction

between fluorophores and othermolecules in solution known as quenchers. Lifetime imaging is insensitive to

static quenching. On the other hand, dynamic quenching (B) happens during the decay process, when excited

state fluorophores are deactivated on contact with the quenchers. As a result, detected lifetime will be

shortened.

500 Ching-Wei Chang et al.



24. Fluorescence Lifetime Imaging Microscopy 501
Measurem ent of dissolve d oxygen concentra tion in singl e living ce lls was demon-

strated by Sud et al. (2006) and Gerrits en et al. (1997) ( Fig. 5). Bec ause the probe’s

fluorescence emission was fou nd to be dy namic ally quench ed by oxygen, the

probe’s lifetime was direct ly depend ent on local ox ygen conc entration and could

be used for quantitati ve imaging in cells via FLIM (Ur ayama and Myc ek, 2003a ).

Molecul ar interac tions such as binding of the endogenous fluorophore nicotinamide

adenine dinucleotide (NADH) to malate dehydrogenase have been imaged with

FLIM ( Lakowicz et a l . , 1992), by using t he increase in NADH lifetime on binding

as a source of contrast. N ADH lifetime i ncreased by � 150% and w as much easier

to detect than the blueshift of the emission spectrum that was only �20% of the full

width at half-maximum (FWHM) in fluorescence intensity measurement. Finally,

FRET between the phospholipids NBD-PE (energy donor) and LRB-PE (energy

acceptor) was employed to monitor endosomal fusion in single living cells (Oida

et al., 1993). FRET involves nonradiative energy transfer between fluorophores, and

will be discussed in detail in Section IV.A. Excellent reviews providing further

historical FLIM background can be found in (French et al., 1998; Gadella, 1999;

Tadrous, 2000; Wang et al., 1992).
Fig. 5 RTDP fluorescence intensity (A and D), lifetime in nanoseconds (B and E), and oxygen in

micromolars (C and F) maps of normal human squamous esophageal epithelial cells (HET) (A–C) and

Barrett’s adenocarcinoma esophageal cells (SEG) (D–F). The intensity images (A and D) could not be

reliably used to discriminate between the two diVerent cell lines. The binary lifetime maps (B and E), on

the other hand, plainly indicate diVerent lifetimes for these two cellular species, with the SEG recording

lower lifetimes than the HET. For the given case, tHET ¼ 225 ns and tSEG ¼ 170 ns. The mean lifetime

diVerence was found to be �t ¼ 44 � 7.48 ns. Logically, this translated into higher oxygen levels in

the SEG versus the HET using the calibration derived, as can be seen in the oxygen distribution maps

(C and F) (Sud et al., 2006).
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III. Methods for Creating Intracellular Lifetime Maps
A. Basic TD and FD Approaches
The objective of both TD and FD measurements is to recover the lifetime

parameter that describes fluorescence decay, which provides additional informa-

tion that is lost during steady state intensity measurements. Both TD and FD

methods (equivalent and related by the Fourier transform) have comparable

temporal resolution and discrimination, and benefit from continual evolution of

imaging technologies. The choice of FLIM instrumentation hence depends on the

particular application: FD FLIM is better suited for evaluating multiexponential

decays, while TD FLIM is optimal for flexible, large temporal range systems and

especially apt for long-lifetime measurements.

Measuring lifetime (t) via TD is more intuitive. It exploits the fact that the

fluorescence emission is theoretically proportional to the number of molecules in

the first excited state, and hence it decays exponentially, as described in Section II.A.

The exponential decay can be reconstructed in diVerent ways, most commonly used

of which are gated integration and time-correlated single photon counting (TCSPC),

which will be described in detail in Section III.C.

Figure 6 illustrates the instrumentation and concepts of gated integration TD

approach to measuring lifetime t. A mode-locked or cavity-dumped laser, or a

discharge source, is typically used to provide pulse excitation. The pulse is split by

a beam-splitter into two paths, one of which excites the sample on the microscope
Pulsed laser
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computer

Delay 
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pulse
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Gate trigger

Time-gated
signal

Time
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Fig. 6 Time-domain lifetime imaging instrumentation and concepts (Urayama and Mycek, 2003). The

variable r indicates parameters that are spatially varying. Abbreviations for instrument schematics: PD,

photodiode; delay gen, delay generator; GOI, gated optical intensifier; HRI, high rate imager; CCD, charge

coupled device (camera); thick solid lines, light path; thin solid line, electronic path. Copyright# 2003 from

Fi g. 1 (on page 218) 0824709551 Handbook of Biome dical Fluorescence, edited by Mary-Ann Myce k a nd

Brian W. Pogue. Reproduced by permission of Routledge/Taylor & Francis Group, LLC.
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stage, while the other triggers the gated charge-coupled device (CCD) camera,

with programmable delays. After sample excitation, the fluorescence emission is

collected by the CCD. During the time period the CCD gate is open, the received

fluorescence signal is integrated (a convolution with the gated detector gain).

Gates with diVerent delays provide diVerent regions of the recorded signal wave-

form, making it possible to reconstruct the exponential decay curve.

The basic principle of FD FLIM is illustrated in Fig. 7 for a wide-field system,

though this approach is readily applicable to confocal systems (Fig. 8) (Booth

and Wilson, 2004). A sinusoidally modulated light source is used for excitation.

The resulting sample emission is also sinusoidally modulated at the same frequency

as the excitation, but is shifted in phase and is demodulated to some extent, i.e. has

a reduced modulation depth. Fluorescence lifetime can be directly calculated

by changes in phase delay and demodulation. For measuring diVerent lifetimes,

diVerent modulating frequencies need to be used. Note that measured phase delay

between excitation and emission is in the range 0–90�, although arbitrarily long

delays (>90�) can be introduced by optical delay lines. Demodulation of the

emission is measured as a factor M(x) (Fig. 6), which has a value of 0–1. It is

logical that at low frequencies, emission from samples with low lifetimes (fast

decays) will follow the excitation faithfully; hence the phase delay will be nearly

0� and the demodulation nearly 1. As the modulation frequency is increased, the

finite lifetime of the fluorophore prevents this and is reflected in a phase delay
ross-
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Fig. 7 Frequency-domain lifetime imaging instrumentation and concepts (Urayama andMycek, 2003).

The variable r indicates parameters that are spatially varying. Abbreviations for instrument schematics:

PD, photodiode; CCD, charge coupled device (camera); RF synth, RF synthesizer; mod, intensity

modulator; thick solid lines, light path; thin solid line, electronic path; dashed line, RF signal path.

Copyright # 2003 from Fig. 1 (on page 218) 0824709551 Handbook of Biomedical Fluorescence, edited

by Mary-Ann Mycek and Brian W. Pogue. Reproduced by permission of Routledge/Taylor & Francis

Group, LLC.



Fig. 8 Combinedfluorescence intensity and phase lifetime images ofNicotiana tabacum specimenswith a

confocal system. The fluorescence is a combination of autofluorescence and GFP fluorescence. (A and B)

Stomata of leaves in which the endoplasmic reticulum was labeled with GFP5. (C) A trichrome of a leaf

with GFP5-labeled Golgi. The hue of the images represents the fluorescence lifetime corresponding to the

scale shown from0 to 3 ns. The imagewidths are: (A) 100mm, (B) 70mm,and (C) 65mm(Booth andWilson,

2004). Copyright 2004 Blackwell Publishing.
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as well as demodulation of the emission. At extremely high excitation frequencies,

phase delay will be 90� while demodulation will be 0.

The phase angle and demodulation, plotted over a range of frequencies, provide

the frequency response of the sample. Typically, the plot is limited to a ‘‘useful

frequency’’ range in which changes in phase and demodulation are frequency depen-

dent. As a general rule, the center frequency of this plot is approximately the

reciprocal of the lifetime. Hence, typical biological fluorophores such as NAD(P)H

and collagen with lifetimes of few nanoseconds need excitation sources modulated at

1–200 MHz. Long-lived fluorophores such as platinum and ruthenium-ligand com-

plexes have lifetimes of microseconds and hence the modulation is tens of kHz to

1 MHz. Measurement of lifetimes in the low picosecond range (e.g., Rose Bengal,

90ps) requires modulated sources at frequencies of �2 GHz.

A detailed treatment of standard FD FLIM instrumentation and its variants can

be found elsewhere (Lakowicz, 1999). Briefly, radio frequency modulation (MHz

range) of a light source is done via acousto- or electro-optic modulators. The light

source can be CW (argon-ion laser, arc lamps) or even a high repetition rate pulsed

laser. On the detection side, cross-correlation is used to extract low-frequency phase

and demodulation information by modulating the detector at a frequency oVset
from the modulation frequency, a scheme known as heterodyne detection (see data

analysis). For sync operation, the same RF synthesizer is hence used for modulat-

ing the light source as well as providing the reference signal for the intensifier on

the CCD.
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B. Microscopy Systems Compatible with Lifetime Imaging
Depending on the mechanism of illumination and detection, microscopes can

be classified into wide-field, confocal, and multiphoton systems, on each of which

lifetime imaging can be implemented. Wide-field microscopy illuminates the

entire specimen to provide single-shot image acquisition. When used in fluores-

cence microscopy, it is rapid but has limited spatial resolution, since the

fluorescence emitted from above and below the focal plane is also captured in

the image and interferes with the resolution of in-focus features.

Confocal microscopy is a point-scanning approach which circumvents this arti-

fact by filtering out defocused light from the object with a pinhole located in front of

the image plane. Because only the light within the focal plane is allowed through the

pinhole, it oVers higher spatial and axial resolution, therefore revealing more detail

in the specimen. However, since much light is eliminated by the pinhole, reducing

the final image intensity and hence signal-to-noise ratio (SNR), high-energy lasers

and highly sensitive photomultiplier tubes (PMTs) are needed for each point in the

specimen and scanning through all the points of interest is required.

Multiphoton microscopy utilizes more than one photon to excite the sample.

Each photon, with a longer wavelength than that of the absorption peak of the

fluorophore (e.g., two-fold wavelength for two-photon microscopy), has only one

part of the required energy to excite the fluorophore to the first excited state. Since

multiphoton excitation requires high photon density, probability of multiphoton

excitation exists mostly at the focal point. Since the excitation source is not

attenuated by absorption by fluorophore above the focal plane, and less scattering

occurs for longer excitation wavelengths, optical sections may be obtained from

deeper within a tissue by using multiphoton microscopy.

All microscopy systems described above are extensible for lifetime imaging.

The best approach depends on the requirements of the sample.
C. Time-Domain FLIM
Following the instrumentation setup in Fig. 6, described in Section III.A, the

resulting fluorescence is a convolution of the sample’s intrinsic fluorescence decay

with the excitation profile (the instrument response function, IRF) E(t). For a

sample with a spatially dependent, j-component multiexponential lifetime, the

fluorescence signal F(r, t) is therefore

Fðr; tÞ ¼ EðtÞ �
X
j

ajðrÞe�ðt=tjðrÞÞ

¼
Z
�1

t

Eðt0Þ
X
j

ajðrÞe�ððt�t0Þ=tjðrÞÞdt0;
ð5Þ

where tj (r) and aj (r) are the lifetime and amplitude of the jth component, respectively.

The variable r emphasizes the spatial dependence of the fluorescence lifetime such

as a pixel location on an area detector. E(t) is determined using a reference with very
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short lifetime so that the decay i s eVectively a delta function. With E(t) known, the

li feti me tj (r) i s fit to measured decays by using deconvolution algorithms such as least

squares iterative reconvolution ( Urayama and Mycek, 2003a).

Because F( r, t ) detection must preser ve both spatia l and tempor al infor matio n,

a gated intens ified CC D (ICCD) camer a is often used. The fluorescen ce is imaged

during a short inter val G( t ) repres enting the gated de tector gain, which can be

descri bed with a rise time tR , fall tim e t F , an d gate width � t . For a gate ope ning at

time tG, the de tected imag e D ( r, t G) is given by

D ð r; tG Þ ¼
Z 1

�1
G ðt 0 � tG Þ F ð r ; t 0Þ dt 0 : ð 6Þ

The temporall y and spatially resolved decay of the sampl e fluorescenc e is then

reconst ructed by acquirin g images at different tG, which is synchroni zed to the

excit ation pulse by using a photodiode coup led with elect ronics capab le of vari-

able delays .

Because it requires a well- sampl ed signal profi le and can be computa tional ly

intens ive, deconv olution in TD FLIM using iterative algori thms may not be

practi cal. Instead , picosecond an d femtosecond sou rces, which can be regarde d

as delta excit ations, are employ ed to eliminat e the ne ed for E (t ) decon volution

becau se fluor ophore lifeti mes are in the 0.1–10 ns regim e. Als o, the e V ects of G( t )
con volution can be remove d by using ratio s of detected intensit ies (described

below ), or recent ly avail able ICCD ’s with ga te widths as fast as tens of picose-

con ds (Do wling et al. , 1997 ), so that G (t ) deconvo lution may not be ne cessary

(Ur ayama and M ycek, 2003a ).

For rapid lifetime image acquisition, an analytic rapid lifetime determination

(RLD) algorithm can be used (Bugiel et al., 1989; Sharman et al., 1999; Wang

et al., 1991). As an example of how using intensity ratios eliminates gate para-

meters, and also an example of analytic lifetime determination, consider a sample

with a single exponential lifetime excited by a negligibly short excitation pulse. For

an eVective gate width �t, the gated detector signal at time t is

Dðr; tÞ ¼
Z tþDt

t

ae�ðt0=tðrÞÞdt0 ¼ at½e�ðt=tðrÞÞ � e�ððtþDtÞ=tðrÞÞ�: ð7Þ

A spatially resolved lifetime t(r) can be determined by using two images gated at

times t1 and t2 (Wang et al., 1992) so that

tðrÞ ¼ t2 � t1

lnðDðr; t1Þ=Dðr; t2ÞÞ ; ð8Þ

where the gate width cancels from the ratio. Because the lifetime determination is

analytic and requires only two gates, a 2D image of lifetimes can be constructed

rapidly. The acquisition of only two gates allows one to measure the lifetime map

in real time, since image acquisition and processing take a fraction of a second

(Cubeddu et al., 2002). In practice, a two-gate scheme can be sensitive to noise,



24. Fluorescence Lifetime Imaging Microscopy 507
therefore methods using N gates (N typically equal to 5–10) (Cubeddu et al., 2002)

can be used with least squares method to increase data redundancy and give more

stable results. In this case, lifetime images were calculated on a pixel-by-pixel basis

by fitting the lifetime of pixel p (tp) in image i to the logarithm of the intensity as

follows:

ln Ii;p ¼ � ti

tp
þ C; ð9Þ

where Ii,p is the intensity of pixel p in image i, ti is the gate delay of image i, and C is

a constant. Analytic least squares lifetime fits were:

tp ¼ � N
P

t2i
� �� P

tið Þ2
N
P

ti ln Ii;p �
P

tið Þ P
ln Ii;p

� � ; ð10Þ

where N is the number of images. All sums are over i.

For more complicated fluorescence decays, double exponential (Cubeddu et al.,

2002; Sharman et al., 1999) and nonexponential decays (Lee et al., 2001) have been

considered.

In addition to gated detection, TCSPC has also been implemented in TD FLIM

(Becker et al., 2002; Böhmer et al., 2001; Bugiel et al., 1989; Ghiggino et al., 1992).

Figure 9 clearly demonstrates the concepts of TCSPC. The sample is repetitively

excited using a pulse light source, and after each excitation, the first emitted

photon is recorded. Since the exponential emission decay curve follows the

shape of N(t), which is proportional to the probability density that a photon is

emitted at time t, the decay signal waveform can be reconstructed by counting the

first photons emitted at time t (or, actually in series of intervals, or channels, of

time). In practice, time-correlated memory locations are used to record the counts

of the first photons such that a time-correlated histogram can be constructed.

TCSPC can be very precise since the accuracy of the time measurement is not

limited by the width of the detector pulse.

In terms of instrumentation (Lakowicz, 1999), a PMT is used to monitor each

excitation pulse in order to produce a start signal to trigger the voltage ramp of

a time-to-amplitude converter (TAC), which will be stopped on detection of first

emitted photon, providing an output pulse whose voltage is proportional to the time

between the start and stop signals. A multichannel analyzer (MCA) converts this

voltage to a time channel using an analog-to-digital converter (ADC). According to

diVerent time channels (memory locations) where the photons are recorded, a proba-

bility histogram of counts is constructed versus time channels, from which the

waveform of exponential decay is revealed.

An alternative is reversed start–stop scheme in which TAC is activated and

starts building up voltage when receiving the first photon. The voltage increase is

stopped when a signal pulse is received, which can be either the pulse from the next

period, or, if considering possible jitter of the pulses, delayed pulse from the same

period (the pulse that actually excited the photon). The reversal of time axis in the



Fig. 9 Concepts of time-correlated single photon counting (TCSPC) (Becker and Bergmann, 2003).

The sample is repetitively excited using a pulse light source, and after each excitation, the first emitted

photon is recorded. By counting the first photons emitted at time t, N(t) can be reconstructed.

In practice, time-correlated memory locations are used to record the counts of the first photons such

that a time-correlated histogram can be constructed.
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fina l data can be easil y compensat ed for electronica lly. The advantag e of reversed

star t–stop is that TAC doe s not ha ve to be constant ly activated and reset in e very

pulse period, consider ing the fact that in most pulse periods actual ly no photon is

recorded. How ever, revers ed star t–stop may cause some sort of co unting loss

dist ortion (expl ained below).

In fact, the photon counting rate is usuall y set to be only �1% to avoid pileup

e Vec t (one kind of coun ting loss e Vects) , whi ch dist orts the TCSP C da ta to the
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earlier times and makes the decay look faster than it really is, since the photons

detected after receiving the first photon, if any, will not be recorded. Simulations

have been done to reveal such eVect (Demas, 1983; Salthammer, 1992). The classic

pileup eVect on a single exponential lifetime and its correction are described below

(Becker, 2005).

The probability, Pk, that a photon appears at a time corresponding to channel k

in one signal period is

Pk ¼ P0e
�kDt=t; ð11Þ

with �t is the time channel width, P0 is the probability of a count in the first

channel of the fluorescence decay. The sum of the probabilities, Pk, for all time

channels is the probability, P, of detecting a photon in one signal period

P ¼
X1
k¼1

Pk ¼
X1
k¼1

P0e
�kDt=t: ð12Þ

Note that the value of P can be greater than one, which can be interpreted as

the average number of detected photons during one signal period. Following

the derivation described in (Becker, 2005), the pileup distorted waveform of the

recorded signal can be written as

f ðkÞ ¼ e�kDt=t þ 1

1!
Pe�2kDt=t þ 1

2!
P2e�3kDt=t þ 1

3!
P3e�4kDt=t þ . . . : ð13Þ

By using intensity-coeYcient-weighted average

tmeanc ¼
P

aitiP
ai

; ð14Þ

where ai represents coeYcients of diVerent exponential terms, the averaged

lifetime is

tmeanc ¼ tþ ðt=2Þð1=1!ÞPþ ðt=3Þð1=2!ÞP2 þ ðt=4Þð1=3!ÞP3 þ . . .

1þ ð1=1!ÞPþ ð1=2!ÞP2 þ ð1=3!ÞP3 þ . . .
ð15Þ

If P is small, the approximated value is

tmeanc 	 t 1� P

2

� �
; ð16Þ

which can be used for pileup eVect correction. An alternative is to calculate

integral-intensity-weighted lifetime

tmeani ¼
P

ait2iP
aiti

; ð17Þ
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which leads to

tmeani ¼ t
1þ ð1=2Þð1=2!ÞPþ ð1=3Þð1=3!ÞP2 þ ð1=4Þð1=4!ÞP3 þ . . .

1þ ð1=2!ÞPþ ð1=3!ÞP2 þ ð1=4!ÞP3 þ . . .
: ð18Þ

With small P, we have

tmeani 	 t 1� P

4

� �
: ð19Þ

One feature of TCSPC is that almost all detected photons contribute to the

result of the measurement, and there is no loss due to ‘‘gating’’ as in gated image

intensified CCDs. Counting loss occurs when there is classic pileup eVect as

described above, or when system has a dead time in which any detected photons

cannot be recorded. The recorded count rate, rrec, can be expressed as

rrec ¼ rdet

1þ rdettd
; ð20Þ

where rdet is the detector count rate, and td is the dead time. The counting

eYciency can therefore be defined as

E ¼ rrec

rdet
¼ 1

1þ rdettd
ð21Þ

In these two equations, continuous light signal is assumed. With pulse signals,

dead-time-related distortion may occur when using reversed start–stop scheme,

since TAC/ADC dead time may extend into one of the subsequent pulse period.

This will favor photon recording in the later part of pulse period, which might

counteract the classic pileup eVect. In fact, dead-time-related distortion cannot be

easily corrected, because the dead time may vary with the TAC voltage, and the

blind-to-active transition may cause ripple in the TAC characteristic, too (Becker,

2005).

Data analysis of TCSPC can be performed using several diVerent methods, includ-

ing nonlinear least squares analysis, the method of moments, Laplace transforma-

tion, and the maximum entropy method, and some other methods, but nonlinear

least squares method remains to be the most general and reliable method for analysis

of time-resolved data (Lakowicz, 1999). The goal of nonlinear least squares method

is to minimize goodness of fit (w2) by varying the values of model parameters. w2 is
expressed as

w2 ¼
Xn
k¼1

1

s2k
NðtkÞ �NcðtkÞ½ �2 ¼

Xn
k¼1

½NðtkÞ �NcðtkÞ�2
NðtkÞ ð22Þ

where n is the total number of channels, N(tk) is the observed count number in

channel k,Nc(tk) is the calculated count number in channel k frommodel prediction,
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and sk
2 is the variance of N(tk), which is equal to N(tk) from Poisson statistics. w2 is

actually a variance-weighted least squares statistic, which follows statistical chi-

square distribution. Since values of the numerator and denominator in Eq. (22) will

be close if the model accounts for the data, w2 will have a value close to the number of

channels, n. In practice, reduced w2, w2R, is defined as follows:

w2R ¼ w2

n� p
¼ w2

n
ð23Þ

where p is the number of model parameters and n is the degree of freedom. Because n

is usually much larger than p, w2R typically has a value near unity. A table of w2R
distribution, showing the p values for various w2R values with diVerent degrees of

freedom, will help decide how well the model fits the data. Since systematic errors in

the data can easily result in a 10–20% elevation of w2R, a model would be acceptable if

p value is not statistically significant at 5% significant level. However, when choosing

a bettermodel (for simplemodels vs complexmodels), relative w2R valuesmay bemore

important than absolute w2R values (Lakowicz, 1999).

The moment method of TCSPC data analysis, or the ‘‘centroid shift’’ method,

was used in the early days of TCSPC to calculate fluorescence and excited nuclear

state lifetimes from measurement data. It has a benefit that the statistical accuracy

of t can be easily estimated (Becker, 2005).

For the discrete function, count number N(tk) in channel k, the first moment, or

the ‘‘centroid,’’ is

M1 ¼
Pn

k¼1NðtkÞtk
N

ð24Þ

where tk is the time of channel k and N is the total photon count number in all

channels. M1 can be interpreted as the average photon arrival time and hence is

the lifetime of the measured fluorescence. Since two convolved functions have

their first moments added linearly, the fluorescence lifetime is

t ¼ M1f �M1IRF ð25Þ
where M1f is the first moment of fluorescence measurement and M1IRF is the first

moment of IRF.
D. Frequency-Domain FLIM
One diYculty of FD measurements is accurate estimation of phase angle and

modulation at high frequencies. In heterodyne detection, the signal waveform at

the modulation frequency F is convolved with a reference waveform at frequency

F þ�F (�F ¼ 10–100 Hz). The slow response of the CCD acts as a low-pass filter

that removes the high frequency component in the resulting waveform and provides

an easily detectable, slowly varying signal with the phase and modulation informa-

tion. Another approach known as homodyne detection involves setting �F ¼ 0.
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The resulting signal (after low-pass filtering) is a static phase-dependent signal.

A detailed treatment of FD data analysis can be found in (Urayama and Mycek,

2003a).

Presented below is an outline of a polar plot method for FD analysis of

fluorescence lifetimes, which has been reported for single-frequency measurements

of samples exhibiting more than one fluorescence lifetime (Redford and Clegg,

2005). The polar plot method is based on well-known procedures used over the

years for analysis of dielectric relaxation experiments and has been used as a visual

aid for understanding that modulation lifetimes at a single frequency are longer

than phase lifetimes for samples exhibiting multiexponential decays.

In FD experiments, excitation light is of the form

EðtÞ ¼ E0 þ Eo cosðotþ fEÞ; ð26Þ
where o is the modulation frequency, fE is the phase of the excitation light and

E0, Eo are the DC and AC components, respectively. Depth of modulation is

defined as ME ¼ Eo/E0. The fluorescence signal can be expressed as

SðtÞ ¼ S0 þ So cosðotþ fSÞ; ð27Þ

For a single exponential system, the relationship between phase, modulation,

and lifetime is given by:

fðtÞ ¼ arctanðotÞ ð28Þ
and

MðtÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðotÞ2

q : ð29Þ

From here on, parameters needed for polar plot analysis are provided. For a

collection of fluorophores with lifetime, intensity (steady state) is given by:

S0ðtÞ ¼ b
X
i

ciðtÞeiðtÞQiðtÞ; ð30Þ

where ci(t), ei(t), and Qi(t) are the concentration, absorption coefficient, and

quantum yield of the ith species with a lifetime t, respectively, and b is an

instrumentation constant such that the summation of S0(t) over all lifetime

provides the total intensity, given by
R
tS0ðtÞdt. Eq. (27) can be rewritten as

StotðtÞ ¼ S0tot þ Sotot cosðotþ ftotÞ

¼
Z
t
ðS0ðtÞ þ SoðtÞ cosðotþ fðtÞÞÞdt

¼
Z
t
S0ðtÞð1þMðtÞ cosðotþ fðtÞÞÞdt:

ð31Þ
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The Mtot cos ð ot þ f tot Þ term , which repres ents the time varyin g pa rt in term s of

signal mod ulation an d is equal to the seco nd term in Eq. (31) divide d by S0tot , can

be br oken down as

Mtot ð cos ftot cos ot þ sin ftot sin o tÞ ¼
Z
t
½S0 ð t Þ =S0tot �M ð t Þð cos f ð t Þ cos ot

þ sin fð t Þ sin ot Þ dt :
ð 32 Þ

To yield

Mtot cos f tot ¼
Z
t
I ð t Þ M ð t Þ cos f ðt Þ d t ð 33 Þ

and

Mto t sin f tot ¼
Z
t
I ð t Þ M ð t Þ sin fð t Þ dt ð 34 Þ

where I ð t Þ ¼  S0 ð t Þ= S0tot , or the fraction of intens ity contribu ted by fluoro phores

with lifeti me t . Total phase shift a nd modulat ion can now be estimat ed as:

tanftot ¼
R
tIðtÞMðtÞsinfðtÞdtR
tIðtÞMðtÞcosfðtÞdt ð35Þ

M2
tot ¼

Z
t
IðtÞMðtÞcosfðtÞdt

� �2

þ
Z
t
IðtÞMðtÞsinfðtÞdt

� �2

ð36Þ

Nonlinearity of Eqs. (35) and (36) can be changed by using the polar variables

x ¼ MðtÞcosfðtÞ ð37Þ
and

y ¼ MðtÞsinfðtÞ ð38Þ

On this x–y plot,M is the distance from the origin andf is the angle from the x-axis

(Fig. 10). The polar coordinate system also simplifies representation of Eqs. (33) and

(34):

Mtotcosftot ¼ xtot ¼
Z
t
IðtÞxðtÞdt ð39Þ

and

Mtotsinftot ¼ ytot ¼
Z
t
IðtÞyðtÞdt: ð40Þ

A vector in this x–y space can be defined as

r
!
tot ¼ xtot

ytot

� �
¼

Z
t
IðtÞ r!ðtÞdt: ð41Þ



Fig. 10 A simulated plot of lifetime locations measured at 100 MHz from Redford and Clegg (2005).

Axes x and y are plotted from Eqs. (37) and (38), respectively. Single lifetimes lie on the semicircle, where

{1,0} represents 0 lifetime and {0,0} represents infinite lifetime. The measured value is the intensity-

weighted average of the two component lifetimes. All diVerent ratios of the two lifetime components

would fall on the line between them. As illustrated in the example here, components have lifetimes of 4 and

0.8 ns (the short lifetime has two-thirds the probability/intensity of the long lifetime). Themeasured lifetime

is phase: 1.1 and modulation: 1.8 ns. With kind permission of Springer Science and Business Media.
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An advantage of this representation is that for samples with multiple lifetimes,

the representation is a simple vector addition (i.e., r
!
tot ¼ ar

!
a þ br

!
b). Figure 10

indicates how such a plot might be constructed for a two lifetime system. For a

more detailed analysis, including representation in the complex plane, see the

original print in (Redford and Clegg, 2005).
IV. FLIM Techniques for Quantitative Cell Biology
A. FLIM Detection of FRET Events
FRET theory was developed by Professor Theodor Förster (Förster, 1948) and

is a commonly used technique for measuring the spatial distance between two (or

multiple) fluorophores. Cell biologists exploit FRET to measure the distance

between two sites on a macromolecule, the distance between two proteins attached

with fluorophores and hence whether and how these two proteins interact. FRET

is regarded as an in vivo ‘‘nanoscale ruler,’’ since it can be monitored in living cells,

and the distance for FRET to occur is usually within several nanometers, exactly

the distance comparable to the dimensions of biological macromolecules. The

diameter of many proteins, the distance within which proteins interact in living

cells, the thickness of biological membranes, and the distance between sites on

multisubunit proteins are typically within this distance.
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FRET mandates the presence of at least one donor–acceptor (D–A) pair,

although more than one such pairs and hence distances can be involved. Readers

interest ed in more de tails are referred to Chapt er 15 in ( Lakowi cz, 1999 ). FRE T

occurs when the donor emission spectrum overlaps with the acceptor excitation

spectrum. After donor excitation, energy will be transferred nonradiatively if the

D–A pair is in close proximity (i.e., via the nonradiative pathway illustrated in

Fig. 2 without photo emission), as a result of long-range dipole–dipole interaction

between the D–A pair. In other words, the acceptor does not reabsorb the photons

emitted from the donor as a means of energy transfer, which also implies that the

intervening solvent or molecule has little eVect on the eYciency of FRET.

How close exactly for the D–A pair will FRET occur? Quantitatively, Förster

distance is defined as the distance at which the energy transfer eYciency is 50%

and the energy transfer eYciency (E) is defined as

E ¼ kT

t�1
D þ kT

ð42Þ

where tD is the donor lifetime in the absence of acceptor and kT is the energy

transfer rate from a donor to an acceptor. kT is given by:

kT ¼ 1

tD

R0

r

� �6
; ð43Þ

where R0 is the Förster distance and r is the D–A distance. As we can see, when

r ¼ R0, E ¼ 50%, as described in the definition of Förster distance. Also, the

dependence of kT on r is highly nonlinear and strong with D–A distance near R0;

when r ¼ 2R0, the energy transfer eYciency drops to only 1.56%, according to

Eqs. (42) and (43).

In order to detect FRET eYciently, D–A pairs with longer R0 are preferred. The

typical value of R0 is in the range of 20–60 Å, depending on the extent of D–A

spectra overlap, the D–A orientation, the refractive index of the medium, and the

quantum yield [Eq. (4)] of the donor in the absence of acceptor. Since D–A

orientation is usually assumed to be dynamic and random, while refractive index

of the medium typically treated as a constant for biomolecules in aqueous solu-

tion, in usual cases R0 is considered dependent only on the optical properties of the

fluorophore pairs and is approximately fixed for a given D–A pair.

To measure FRET, both steady state and time-resolved data can be used. Since

kT is a decay rate in addition to already existent G and k for donor emission decay

in the absence of acceptor, the lifetime is shortened and the steady state intensity is

lowered if FRET occurs. The degree of shortening/lowering is fixed if the D–A

distance r is fixed, which is usually the case for labeled proteins, but in solution or

membranes, where the donors and acceptors can diVuse freely, this may not be

true, and calculation of an averaged kT from D–A spatial distribution is required.

Also, if considering multiexponential decay, which in fact happens frequently in

biomolecules, an averaged t value over all exponential curves is needed as well.
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The most common application of FRET is to measure the distances between

two sites on a macromolecule. FRET can be used to monitor any phenomena with

changes in the D–A distance, such as conformational changes of a macromolecule,

or the cleavage of a macromolecule by enzymes. In these cases, endogenous

fluorophores are usually used. For instance, tryptophan (Table I) can be used as

a donor, and a ligand that binds to a ligand-binding site can be an acceptor.

Exogenous fluorophores (e.g., CFP–YFP) are also used as D–A pairs in cell

biology. In this case, donor and acceptor vectors are constructed with the proteins

of interest, typically the proteins between which the in vivo interactions are

unknown. The fluorophores can be attached on either the N-terminal or the

C-terminal of the proteins, depending on the locations of functional domains of

the proteins. The vectors are transfected into the model cells, usually the cell kinds

that are easy to transfect, or related to the cells where the protein functions and

interactions are of interest. Vector sizes could be a factor that aVects FRET, if

vectors are not transfected eYciently (Kreiss et al., 1999; Ross and Hui, 1999),

making the signals too weak and noisy, or if the ratio of transfected donor to

acceptor is too high or too low.

FRET-FLIM combines FRET and lifetime imaging, which can be highly favored

over intensity-based FRET for several reasons. For FRET with weak signals or low-

energy transfer eYciency, a minute intensity artifact can lead to very high imprecise-

ness in FRET detection. For example, if detection of FRET with energy transfer

eYciency of �10% is desired, the variation in fluorescence emission intensity among

and within cells might need to be controlled to be very low, and this may not be an

easy task for low-signal experiments, for wide-field fluorescence microscopy, or for

experimentswithnonuniform transfection distribution.UsingFLIMtodetect FRET

withE¼�10% allows intensity variation to be as high as 30%, and theoretically even

higher, given molecular microenvironment and later data-processing procedures not

aVected.
Figure 11 illustrates CFP–YFP FRET measured with a multiphoton TCSPC

approach (Becker et al., 2005). The experiment was performed in a human

embryonic kidney cell expressing two interacting proteins labeled with CFP and

YFP. Electronic timing & acquisition was controlled by a Becker and Hickl SPC-

730 TCSPC module connected to a Zeiss LSM 510 NLO two-photon microscope.

The detector was a Hamamatsu R3809U-50 MCP PMT. The upper left panel

shows a single exponential lifetime image calculated from CFP emission data,

providing a good indication of the intracellular distribution of FRET. However, a

closer inspection of the fluorescence data in the individual pixels shows that the

decay is double exponential (Fig. 11, upper right). A double exponential analysis

of the decay data then disentangles the eVects of the variable fraction of interact-

ing proteins, indicated by the amplitude ratio afast/aslow, and of the D–A distance,

indicated by the lifetime ratio tslow/tfast. Lower panels of Fig. 11 show that most of

the lifetime variation found in the single exponential lifetime image is due to a

variable fraction of interacting donor and not to a change in the distance.



Fig. 11 Multiphoton TCSPC CFP–YFP FRET. Upper left: single exponential lifetime image, CFP

channel, 480 � 15 nm. Blue to red ¼ 1.5–2.2 ns. Upper right: fluorescence decay in selected spot and

decay components of a double exponential fit. Lower left: color represents tslow/tfast, blue to red ¼ 2–4.

The distribution of tslow/tfast is shown for an area of weak FRET (top) and strong FRET (bottom).

Lower right: color represents afast/aslow, blue to red ¼ 0.2–1 (Becker et al., 2005). Copyright 2004 SPIE.
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In addition, a two-photon FRET-FLIM system for protein localization

was characterized (Chen and Periasamy, 2004), and plasma membrane organiza-

tion in cowpea protoplasts was studied using FRET-FLIM with diVerent
GFP-fused proteins (Vermeer et al., 2004). An FRET-FLIM-based detection of

phosphorylated protein localization, performed in FD, is shown in Fig. 1 and

described in Section I (Ng et al., 1999). A review on FRET-FLIM has provided a

table of commonly used FRET fluorophore pairs for FLIM studies (Wallrabe and

Periasamy, 2005).
B. Molecular DiVusion Rates Measured via Fluorescence Correlation Spectroscopy (FCS)-FLIM
The advent of photon counting techniques such as TCSPC has resulted in the

development of statistical methods for sample analysis, broadly classified as

fluorescence correlation spectroscopy (FCS). As mentioned earlier, benefits of

FLIM lie in obtaining additional information than fluorophore concentration

and localization; this includes the molecular environment and protein grouping

and/or interactions. By measuring variations in fluorescence at a single image pixel

over time, FCS provides single-point measurements of kinetic and diVusion
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properties of fluorescent molecules as well as their concentration and aggregation

state. The pixel volume in confocal systems is in the subfemtomolar range, and the

number of fluorescentmolecules in this small spacewill typically be one. FCS can also

be used to cover dynamic phenomena on a submicrosecond time scale. FCS-FLIM

provides a very useful fluorescence modality which can be implemented on confocal

systems and commercial, integrated products are available for this purpose. FCS has

been reported early on for studying mobility of small solutes in the cytoplasm of

living cells (Berland et al., 1995). Kask et al. (1999) used FCS for monitoring

restriction enzyme-mediated cleavage of DNA hybrids by using fluorescently labeled

complementary oligonucleotides. A two-channel confocal fluorescence lifetime

microscope was used for FCS and FLIM, since the timing information down to a

picosecond scale oVered the possibility not only to reconstruct fluorescence decay of

each pixel for FLIM but also to analyze the fluorescence fluctuation correlation

function of any single spot of interest (Wahl et al., 2004). Healthy and sorbitol-

stressed cells expressing a GFP-MK2 fusion protein were studied with TCSPC and

analyzed with lifetime imaging and FCS (Becker et al., 2006). In stressed cells, while

FLIM results demonstrated a lifetime reduction and translocation of the proteins to

the cytoplasm, FCS of one single spot showed slower diVusion with higher correla-

tion amplitude, possibly indicating aggregation of the proteins. Reviews on FCS and

FLIM can also be found in (Breusegem et al., 2006; Hink et al., 2002).
C. Multispectral-Multiphoton-FLIM
Given the weak optical signals and high variability observable in biological

samples, sensitivity is a key component of imaging studies, obtained sometimes at

the cost of real-time acquisition. Complete spectral analysis of the sample is also

important, especially for FRET studies where the transfer eYciency is high; if

analysis is restricted to wavelength where donor fluorescence spectrum does not

overlap with the acceptor fluorescence spectrum, all the information regarding

acceptor fluorescence decay is lost.

Multiphoton microscopy provides high axial and lateral resolution and is

optimal for deep tissue imaging. TCSPC can be used to provide lifetime-resolved

images with a resolution of 30 ps (Becker et al., 2002), and a multichannel TCSPC

module coupled to a parallel PMT system can provide spectral resolution (Becker

et al., 2004). Such a system provides high spatial, temporal, and satisfactory

spectral resolution and is termed as multispectral-multiphoton-FLIM (MS-MP-

FLIM). Disadvantages include long acquisition times, which can be on the order

of tens of minutes. The spectral and temporal resolution of MS-MP-FLIM can

be further enhanced (at a significant cost) by employing a device called a streak

camera (Fig. 12). It has been demonstrated that with a streak camera, 6 ps

temporal resolution can be achieved and spectral resolution is considerably

improved (1–3 nm), since a spectrograph is used to focus the signal into the entrance

slit of a streak camera (Qu et al., 2006).



Fig. 12 Design of a streak camera. A CCD camera after the MCP (not shown here) provides a 2D

plot of wavelength versus delay (see text for full details) (Biskup et al., 2005). Copyright 2005 SPIE.
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Inside the streak camer a, the signal is co nverted to phot oelectro ns via a photo-

cathode and accelerated by an elect rode. A pair of deflecti on elect rodes is used to

apply a ramp volta ge that swe eps the electro ns from top to bot tom, with elect rons

that arrive earlier leaving near the top, and vice versa. Hen ce, the vertical posit ion

of the photoelec tron is a function of delay. The signal is amp lified via a micro-

channel plate (MC P) and reconve rted into an optica l signal at a phos phor screen.

A CCD camer a placed afte r the phosph or screen is used for digit al imag ing of the

streak imag e, whic h c ontains tempor al dist ribut ion of intens ity as a functi on of

wavelengt h. Streak imag es can be used to regener ate the spe ctrum as well as the

fluorescence decay curve. Figu re 13 illustr ates the high spati al and tempor al

resolution possible with streak camer a systems, with a na rrow lifetime distribut ion

around the mean ( Biskup et al ., 2005 ).
D. Vid eo-Rate FLI M for Single-S hot Lifet ime Image A cquisition
While scanning techniques such as multiphoton FLIM provide a faculty for high

resolution imaging, they are inadequate for studying dynamic phenomena, such as

fluid mixing in microfluidic channels. Wide-field microscopy, with parallel pixel

capture and single-shot imaging capability, provides a better scenario for implement-

ing high frame rate imaging (> 1 frame/s). Several flavors of video-rate FLIM can be

found, from heterodyne-based frequency domain to time domain, from endoscopic

FLIM to in vitro studies (Elson et al., 2004; Munro et al., 2005; Siegel et al., 2003).



Fig. 13 Multiphoton image (A), streak FLIM image (B), and lifetime histogram (C) of a baby hamster

kidney (BHK) cell transfected with mitochondria-targeted enhanced cyan fluorescent proteins (mECFP).

Lifetime value inside the mitochondria is 2.71 � 0.25 ns. Reused with permission from Krishnan et al.

(2003). Copyright 2003, American Institute of Physics.
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Elson et al. (2004) reported two diVerent time-domain approaches implemented on

the same FLIM system to achieve video-rate (29 fps) capability. Both involve

modifications to a conventional wide-field FLIM system, which has been described

elsewhere (Cole et al., 2001). The first approach involves the use of a rapid delay

generator that can vary the electronic delay to the gated imager in 2 ms. Two images

are acquired and evaluated using the RLD algorithm. Lifetimes can be measured in

the range of 120 ps to 4 ns with a discrimination of 100 ps. The limitation in lifetime

measurement is due to the use of a high repetition laser, which can potentially be

circumvented by the use of a low repetition source such as a nitrogen-pumped dye

laser (Urayama et al., 2003).

Another technique called single-shot FLIM was presented to circumvent the

sequential image capture process that is characteristic of TD FLIM. The design

arises from the possibility that if the same emission signal can be split two or more

ways and each one be gated diVerently, the lifetime can be reconstructed from a



Fig. 14 Schematic representation of a segmented GOI system. Gating is switched by controlling

cathode to multichannel plate voltage (V4,V3) and gain is established via V2. The four-gate GOI is

capable of gates in the range 100 ps to 5 ns, 10 ms to 1ms and DC operation (Elson et al., 2004).

Copyright 2004 IOP Publishing Limited.
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single emission response. The segmented GOI (Kentech instruments) has four

quadrants which can be independently gated, though by design all gates must

have the same duration (Fig. 14). A commercially available four-channel optical

intensity splitter is used to relay four images of the sample onto the SGOI.

On imaging on the CCD, the corresponding pixels in each of the subimages can

be analyzed for lifetime, a process easily done with image-processing software.

V. Summary

In this chapter, the basic concepts, key advantages, and several applications of

FLIM have been discussed. Continuing advances in technology for microscopy

and the developing appreciation that fluorescence lifetime is a sensitive means for

evaluating microenvironment will likely help make FLIM a critical research tool

for cell biology by providing a new way for cell biologists to detect, visualize, and

investigate structure and function in biological systems.
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