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ABSTRACT: The new and novel techniques of fluorescence lifetime imaging (FLI)** and fluorescence lifetime
imaging microscopy (FLIM) provide the investigator with the capacity to quantitate two-dimensional fluorescence
intensity distributions and lifetimes. The concept, theory, and instrumentation of FLI and FLIM are reviewed in
this paper. The implementation of FLIM instrumentation with conventional and confocal microscopic systems is
discussed. These instruments permit the quantitative measurement of molecular interactions and chemical envi-
ronment from samples in biological, physical, and environmental sciences. Numerous applications in the biomedi-
cal sciences for FLIM instrumentation are also discussed.

**  We refer to the measurement of fluorescence lifetime images for macrosamples (e.g., cuvette) without use of a microscope as fluorescence

tifetime imaging (FLI), whereas measurements obtained with a microscope are termed fluorescence lifetime imaging microscopy (FLIM).

KEY WORDS: fluorescence spectroscopy, time-resolved fluorescence spectroscopy, fluorescence microscopy,
fluorescence lifetime imaging, time-resolved fluorescence microscopy, fluorescence lifetime imaging microscopy,
confocal fluorescence microscopy, fluorescence resonance energy transfer, image intensifier, instrumentation.

I. INTRODUCTION

Research using fluorescence spectroscopy is
moving from solution spectroscopy to imaging
spectroscopy.!? In the biosciences, fluorescence
imaging spectroscopy relies on fluorescence mi-
croscopy because it provides a sensitive means of
acquiring information about the organization and
dynamics of complex cellular structures.> Cur-
rently, most fluorescence microscopic spectro-
scopic measurements are performed as steady-
state measurements. However, steady-state fluo-
rescence microscopy has limited ability to study
the dynamic events that may be important in cell
physiology and biology for the following reasons:
(1) two-dimensional (2-D) fluorescence images
are usually acquired using low-speed accumulat-
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ing detectors; (2) fluorescence emitted by the
sample under investigation may be complex and
a number of different molecular species may con-
tribute to the overall observed signal; (3) auto-
luminescence of intrinsic cellular components and
scattered light;* and (4) steady-state fluorescence
imaging can be difficult to quantify because there
is no easy way to determine quantum yields across
the sample. In contrast, time-resolved fluores-
cence microscopy (TRFM) allows the quantitation
of dynamic and structural information from mi-
croscopic samples. This dynamic information,
measured by TRFM, is very useful for under-
standing the interactions, binding, and associa-
tions of proteins, lipids, enzymes, DNA, and
RNA .5 In many cases TRFM is the only choice
for studying systems that are intrinsically hetero-
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geneous. Because fluorescent lifetimes are not
affected by scattering or decay characteristics of
the background,® measurements of fluorescent
lifetimes would provide sensitive and quantita-
tive information from the complex structure of a
cell. In general, fluorescence lifetime values are
more sensitive to the environment than typical
spectral emission. Unfortunately, until recently,
expense, complexity, and limitations in instru-
mentation have prevented 2-D TRFM from being
performed.” Some 2-D measurements have been
reported using linear array detectors or wave-
length (rather than spatial) discrimination.?

Recent technological advances in laser light
sources, high-speed and high-sensitive image
detection devices,? fluorescence microscopy, sen-
sitive and specific fluorescent probes for different
biological molecules,? and image processing tech-
niques have facilitated the development of fluo-
rescence lifetime imaging microscopy (FLIM).
FLIM permits the measurement of 2-D fluores-
cence intensity and hence, lifetime distribution,
thus providing 2-D structural and dynamic infor-
mation about microscopic samples.!! FLIM is an
extremely important advancement because it al-
lows the combination of the sensitivity of fluores-
cence lifetime to environmental parameters to be
monitored in a spatially defined manner in single
living cells and other chemical processes.!?

In this paper, the concept of fluorescence life-
time imaging (FLI) methodology is discussed;
various methods (e.g., photon-counting, time-do-
main, and frequency-domain lifetime detection)
for performing FLI measurements and its adapta-
tion to conventional and control microscopy are
included. Numerous FLIM biomedical science
applications are discussed.

ll. BACKGROUND

Fluorescence has been used for a wide variety
of studies because of the following features:

1. Specificity: fluorescent molecules absorb and
emit light at specific wavelengths. There-
fore, fluorescent probes can be selectively
excited and detected in a complex mixture
of molecular species.!?
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2. Sensitivity: small numbers of fluorescent
molecules are detectable. Quantification is
feasible at very low concentrations because
of the inherent sensitivity associated with
emission as opposed to the absorption pro-
cesses. Low excitation intensities can be used
to elicit a fluorescence signal, thereby pre-
serving the viability of specimens under long-
term observation.!4

3. Environmental sensitivity: fluorescent mol-
ecules can be designed to be extremely sen-
sitive to the immediate physical and chemi-
cal environment.!

4,  High temporal resolution: fluorescence
measurements can be used to detect very
fast chemical and molecular changes in
materials. Chemical and biological processes
occurring on the 10772 ~ 1077 s time scale
can be detected and measured. '

5.  High spatial resolution: fluorescence sig-
nals can be measured from cellular domains
as small as single molecules if the mol-
ecules contain a sufficient number of
fluorophores. Cellular components with di-
mensions below the diffraction-limited reso-
lution of the light microscope can be visual-
ized.!

6. Three-dimensional (3-D) resolution: 3-D
chemical and biological information can be
obtained with fluorescence microscopy.
From conventional fluorescence microscopy,
3-D information can be estimated by the
deconvolution techniques for eliminating
out-of-focus information.!® Confocal micro-
scopy provides optical sections without the
use of image reconstruction,!20

Like fluorescent emission, fluorescence life-
time is an important reflection of a molecule’s
structure and environment, and generally falls in
the range of 1 to 100 ns.?! Environmental as well
as competing physical processes can alter the fluo-
rescence lifetime and provide information about
the cellular milieu in which the fluorophore is
located. In Figure 1, the principles of fluores-
cence absorption, emission, and lifetime are
shown. Absorption and emission of light are illus-
trated by the energy-level diagram in Figure 1A.
The ground, first, and second electronic states are
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FIGURE 1. The energy level diagram of fluorescence process (A); and fluorescence decay and fluorescence

lifetime (B).

depicted by S, S,, and S,, respectively. Follow-
ing light absorption, several processes usually
occur. A fluorophore is usually excited to some
higher vibrational level of either S, or S,. With a
few rare exceptions, molecules in condensed
phases rapidly relax to the lowest vibrational level
of S,. This process is called internal conversion
and generally occurs in 10712 s. Since fluores-
cence lifetimes are typically near 10 to 1078 s,
internal conversion is generally complete prior to
emission. Fluorescence emission generally results
from thermally equilibrated excited states. The
emissive rate of the fluorophore and the rate of
radiationless decay to ground state are defined as
I' and £, respectively. The fluorescence lifetime
is:

T=—= o))

The fluorescence lifetime is the average time that
a molecule remains in the excited state prior to
return to the ground state. For single exponential
decay fluorescence, after pulse light excitation,
the fluorescence intensity with time change is
described as:

I=1,- exp(—%) @)

In practice, fluorescence lifetime is the time in
which the fluorescence intensity decays to 1/e of
the intensity immediately following excitation.
Typical fluorescence decay curves and fluores-
cence lifetime determinations for single compo-
nent fluorescence are shown in Figure 1B. In prac-
tice, fluorescence decay is often multiexponential,
leading to complex decay curves. Much progress
has been made in analyzing and extracting mul-
tiple lifetimes from multiexponential decay curves;
however, most of this work involved solution
spectroscopy and very little has been performed
on samples viewed through fluorescence micros-
copy.?

Fluorescence microscopy provides a sensi-
tive means of acquiring information about the
organization and dynamics of complex cellular
structures using combinations of dyes, stains,
fluorophores, or fluorophore-labeled antibodies.
Recent advances in fluorescence microscopy
have been made allowing quantitative measure-
ments.?>-23 In order to improve spatial resolution
of the fluorescence microscopy, advanced fluo-
rescence microscopy such as confocal, total inter-
nal reflection,?® and near-field fluorescence mi-
croscopy?’ have been introduced (see Figure 2).
In conjunction with scanning and computer tech-
nology in confocal fluorescence microscopy, re-
markable 2-D and 3-D images are obtained with
new standards of resolution and contrast. More-
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FIGURE 2. Fluorescence spectroscopy parameters
that can be used for fluorescence microscopy. Shown
is the evolution from steady-state to time-resolved fluo-
rescence microscopy and FLIM.

over, nanometer spatial resolution has been
achieved by near-field fluorescence microscopy
which has potential to directly visualize DNA or
protein structure.”® The combination of fluores-
cence microscopy with fluorescence spectroscopy,
intensity, excitation, and emission spectral dis-
persion, relative polarization, quenching, and en-
ergy transfer (in Figure 2) of steady-state prompt
fluorescence has been used to generate images

Intensity

and to distinguish particular molecular complexes
or the Jocal environment of labeled microscopic
species. For example, in this laboratory, multi-
parameter digitized fluorescence microscopy
(MDFM)? is used to measure Ca?*, pH, and other
ion concentrations in living cells using the ratio
imaging method.3®-32 Laser scanning confocal
fluorescence microscopy is used to measure 3-D
structure and function in living cells.? In clinical
applications, MDFM is used for automated fluo-
rescence image cytometry** in detection of hu-
man papilloma virus (HPV).3 Digitized video
fluorescence polarization microscopy was used to
measure lipid order in the plasma membrane. 3¢
Plasma membrane protein and lipid lateral diffu-
sion mobility have been measured by fluores-
cence recovery after photobleaching (FRAP).
MDEFM also has been used to measure plasma
membrane fluidity by fluorescence quenching
imaging and fluorescence resonance energy trans-
fer imaging measurements.38-3

The concept of FLIM is illustrated in Figure
3. Suppose a fluorophore in a microscopic sample
exists in two distinct regions, but has a similar

Lifetime

FIGURE 3. The concept of FLIM. Fluorescence intensity image (A) and lifetime image (B). Different lifetimes
(z, > 1) in lifetime image (B) differentiate two regions in cells that are difficult to identify using intensity image (A).
Fluorescence lifetime imaging changes (from C to D) are the result of changing biological or physical processes in

living celis.
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fluorescence intensity distribution in both regions
{(as shown in Figure 3A). The fluorescence life-
time (t,) at the central region of the sample is
longer than that in the outer region (t,). Since the
fluorophore has similar intensity distribution in
the two regions, measurements of fluorescence
intensity will not reveal any difference between
these two regions. However, 2-D lifetime imag-
ing would allow discrimination of the two differ-
ent regions (Figure 3B). The direct visualization
of a 3-D projection of the 2-D spatially dependent
decay times would delineate local fluorescence
lifetimes, as shown in Figure 3B. More impor-
tantly, fluorescence lifetime imaging is indepen-
dent of probe concentration (up to a certain point),
but is dependent on local chemical and environ-
mental conditions. Using FLIM, it would be pos-
sible to probe specific proteins, enzymes, or DNAs,
and monitor fluorescence lifetime imaging changes
during some particular process (e.g., signal trans-
duction) in living cells. Suppose that sites “a,”
“b,” and “c” (Figure 3C and D) represent a recep-
tor in the plasma membrane, a point in nuclear,
and a point in cytoplasm, respectively. Changes
in fluorescence lifetimes (between C and D) at
these points provide important information con-
cerning biophysical and biochemical mechanisms.
Changes in lifetime could be caused by specific
protein (e.g., receptor) conformational changes,
protein-protein binding, and/or changes in pH,
oxygen or calcium concentrations or conditions,
which lead to quenching.

FLIM is still in its infancy. The first paper
about FLIM was published in 1989.4C Only a few
groups in the world are working on fluorescence
lifetime imaging systems.!2414> There are two
methods to perform FLIM; the first is time-do-
main FLIM using photon counting and gating
methods;**7 the second is frequency-domain
FLIM using phase-resolved and multifrequency
modulation methods.!%>#® The relative merits of
the two methods have long been debated in the
fluorescence spectroscopic community. An alter-
native hybrid implementation, comprising modu-
lated excitation and a modified imaging photon
detector coupled to a custom built photon
correlator, has also been described.*? Fluorescence
lifetime imaging systems in the laboratory using
both methods have been evaluated.*0:41455¢ Each

approach has its advantages and disadvantages,
depending mainly on the biological events to be
monitored and microscopic techniques used in
the experiments.

lil. FLUORESCENCE LIFETIME IMAGING
SYSTEMS

The determination of fluorescence lifetimes
is traditionally carried out by two techniques: (1)
time-domain pulse methods***7 and (2) frequency-
domain or phase-resolved methods.!54% A func-
tional representation of fluorescence lifetime mea-
surements is outlined in Figure 4. In time-domain
methods, using pulsed light excitation, lifetimes
are measured from the fluorescence signal di-
rectly or from photon counting detection. In the
frequency-domain or phase-resolved method, with
sinuously modulated light excitation E(t), life-
times are determined from phase shift @ or modu-
lation depth My, of the fluorescence emission sig-
nal. There are number of commercial lifetime
measurement instruments available using time or
frequency domain methods (see Table 1) for single
point measurements. It is possible to measure
fluorescence lifetime images by combination of
the lifetime determination (time- and frequency-
domain) techniques with high-speed 2-D detec-
tors and scanning techniques such as mechanical
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FIGURE 4. Fluorescence lifetime determination
methods: (a) time-domain pulse method (impulse re-
sponse); (b) frequency-domain phase-resolved method
(frequency response).
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TABLE 1

Commercial Lifetime Measurement Instrumentation

Model Characteristics Company

LS 100 Series
luminescence

spectrophotometer PC-based system

Wavelength: 200-930 nm
Light source: xenon lamp

Photon Technology
International, Inc.,
South Brunswick, NJ

Collection time for single- and two-
component are 15 min and 1.5 h,

respectively
SPF-500c and Wavelength: 200900 nm
4800 series
spectrophotometer PC-based system

SLM Instruments, Inc.

Light source: xenon lamp or lasers Urbana, IL

Collection time: 1 ms per data point
PMT R928P or MCP-PMT

Fluorescence lifetime
systems; different
models depending on or lasers
temporal resolution
and applications

Wavelength: 180-950 nm
Light source: coaxial flash lamp Canada

Rep rate: 100 KHz
PMT, MCP-PMT, and singie-

Edinburgh Instruments

photon avalanche diode
cooling system available for

the detectors

Multifrequency cross-
correlation phase &

Wavelength: 380-670 nm ISS inc.,
Light source: xenon arc lamp or lasers  Champaign, IL

modulation fluorometer,  Lifetime measurement range from

ISS K2 series 10 psto1ps

PC-based system

Hamamatsu side-on selected PMT

stage scanning, laser beam scanning, or electronic
(e.g., image dissector or streak camera) scanning
methods.3!

A. Photon Counting Mode

In fluorescence spectroscopy, it is necessary
to minimize the intensity or vary the duration of
light illumination to the sample (especially for
living samples) to reduce the effects of photo-
chemical reaction and photobleaching. Fluores-
cence emission intensity depends on the intensity
of excitation light and concentration of the
fluorophores under study. For low-intensity exci-
tation, fluorescence emission would be weak.
Time-resolved fluorescence measurements on the
nanosecond level would reduce further the fluo-
rescence emission. For the detection of a very
fow-light level signal on a nanosecond time scale,
photon-counting techniques are required.>?

374

1. Single Photon Counting (SPC)

Time-correlated SPC techniques are currently
the most widely used methods for measuring weak
fluorescence decay times.*’ Historically, SPC has
been performed using air-gap arc flash lamp ex-
citation sources and conventional photomultiplier
tube (PMT) detection; however, the time required
to collect sufficient data for accurate lifetime
measurements has precluded studies of dynamic
events. Two developments have brought about
radical improvement in the time resolution of
SPC fluorescence lifetime measurements: (1) the
use of picosecond ultrafast tunable dye lasers as
excitation sources and (2) the development of the
microchannel-plate photomultiplier tube (MCP-
PMT),*5* which has the advantages of wide dy-
namic range (109), single photon sensitivity, and
high time resolution (10 ps).53-% The principle of
SPC is based on the repetitive measurement of the
time interval between the pulsed excitation and
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the formation of a single photoelectron at a detec-
tor. In practice, SPC systems consist of a timing
discriminator, a time-to-amplitude converter
(TAC), and a multichannel pulse height analyzer.
It repetitively accepts the excitation-emission pulse
pairs, measures their time intervals, and then
records each event in a memory location corre-
sponding to the time interval between the excita-
tion pulse and the first recorded emitted single
photon. The characteristics of the detectors in
SPC (shown in Table 2) are important. It should
have excellent time response, short rise time, and
transit time spread (TTS); it also must have the
ability to count single photons with low dark
noise and high sensitivity. The PMT time re-
sponse to impulse excitation should have a low
dependency on the wavelength of incident light.

TABLE 2

In most current SPC instruments, an MCP-PMT
is used due to the short transit time spread, low
dark count, and independence of detection effi-
ciency on emission wavelength. It is possible to
undertake fluorescence lifetime imaging by com-
bining SPC and scanning techniques. However,
for measurements of dynamic events, problems
could arise due to the long measurement time
involved in collecting the photons at each point.

2. Multichannel Photon Counting (MPC)

According to the principle of the SPC tech-
nique, one photon is detected for each excitation.
This low counting efficiency results in a long
observation time for mapping 2-D samples. In

Typical Characteristics of MCP-PMT Used in SPC

Risetime

Company and product Gain
Hamamatsu (MCP-PMT) 5x 105
R1564U, Bialkali 2 stage
MCP anode to cathode
supply voltage 3000 (Vdc)

Hamamatsu (MCP-PMT)
R 2808U, Bialkali 2
storage MCP anode to
cathode supply voltage
3000 (Vdc) dark count
1000 cps at 25°C

Hamamatsu (MCP-PMT)
R 2566U, Bialkali 2
storage MCP anode to
cathode supply voltage
4000 (Vdc) dark counts
500 cps at 25°C

5x%x 108

5x 105

Burle Instruments PMT- 6 x 108
8852, dark current 2-in.

diameter 12 stages

magnetic shield required

supply voltage 2500 (Vdc)

Burle Instruments PMT- 0.01 x 108
7764, dark current 3NA

1.9-diameter 6 stages magnetic

shield required supply

voltage 1500 (Vdc)

(ns)

0.22

0.15

0.1

2.4

1.5

Cathode
sensitivity
Transit time  Spectral luminous
spread range type
(ns) {nm) {(vA/lumen)

0.070 300-650 50

0.055 300-650 50

— 300-650 50

0.34 400-900 115

13 300-660 40
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many experiments, it is desirable to decrease ob-
servation times by increasing the acceptable num-
ber of photoelectron pulses per excitation. Rapid
measurement of 2-D samples has important rami-
fications in biomedical research. For this purpose,
MPC with high sensitivity and good counting
efficiency was developed.*>>7% This technique
drastically reduces measurement time. In short,
all photons in an energy burst (fluorescence emis-
sion) are sampled simultaneously such that time
information is preserved. A corresponding reduc-
tion in measurement time makes 2-D lifetime
mapping practical.*’ Compared with SPC detec-
tion, MPC reduces measurement time and im-
proves the signal-to-noise ratio (SNR) by over
two orders of magnitude. In Figure 5, a compari-
son of the operation of MPC and SPC is shown.
For one excitation, there are three fluorescence
photons. Using the SPC method, the first pulse (a)
is the stop pulse for the TAC; therefore, informa-
tion from only one pulse is recorded in memory.
In contrast, the MPC method counts all photons
(a, b, and c¢) simultaneously, providing higher
counting efficiency and shorter observation time.

Two types of the MPC fluorimetric systems
have been developed. The first one is the system
using two units of high-speed ECL shift registers
in which all fluorescence photons are sampled
simultaneously and recorded.*’ Using this MPC
system in conjunction with stage scanning, mi-
croscopic lifetime imaging measurements were
carried out. The second MPC fluorimetric system

Excitation j k Time —#

Pulse

a b fjec
Photoelectron ]

Pulses

; N Son
Output H P
Voltage of / P 20038

the TAC P Data Acquisition
H for the TAC Mode

Data Acquisition for Multichannel
Photon Counting Mode

FIGURE 5. A comparison of the operation of multi-
channel and single photon counting modes.
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uses optical fiber dynamic memory based on the
vernier chronotron technique.>® In this approach,
two single-mode optical fiber loops in conjunc-
tion with pulsed laser diodes and avalanche pho-
todiodes (APD) were used. The extremely low
loss, good linearity, and large available time-band-
width of single-mode fiber allow signals to propa-
gate large distances without significant attenua-
tion or distortion, so that good stability and high-
resolution measurements are possible. However,
neither of these MPC techniques provides the
required temporal resolution to study cellular dy-
namics. This problem can be solved by using
high-speed, 2-D image detectors.

B. Time-Domain FLI

New advances in image intensifier detector
techniques allow time gating to a few nanosec-
onds or even subnanoseconds.>*% The principal
features of the gated image intensifier are very
small image distortion, wide spectral response,
compact size, high sensitivity, high gain, and high
spatial resolution.” A functional description of the
gated image intensifier-CCD combination is
shown in Figure 6. In the gated operation mode,
the photocathode of the intensifier is biased to a
cut-off positive potential (+150 V) relative to the
MCP-In potential, while keeping V,,, and V at
their normal operating potentials. When a high
negative (-300 V) gate pulse is applied on the
photocathode, an intensified image can be ob-

Photoelectron
Phosphor
Photocathode MCP Screen
------- -
Fluorescence
Light -~ cCb
....... -
Gate On , ~0 L
Pul
SN
Pulse
Generator

FIGURE 6. Functional description of the gated in-
tensifier-CCD combination. For gated operation, V!
150 V; V4: 5500 V; and V,,.p: 500 to ~900 V depending
on the required gain.
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served on the phosphor screen. The phosphor
screen luminance is typically around 4 x 102
ft-L for a 100-ns gate time. The output image of
the intensifier on the phosphor screen is
focused at unity magnification onto a CCD cam-
era. For weak fluorescence emission, the target
integration in the CCD is effective at enhancing
SNR of detected images. In a given situation,
the available fluorescence light level determines
the integration time required to obtain accept-
able SNRs. Cooling the CCD to reduce dark
current to negligible levels permits long inte-
gration times. High-speed image intensifiers
available with different gating times are listed
in Table 3. An FLI system using a gated MCP
image intensifier (time resolution: 2.5 ns)
coupled to a CCD camera has been developed.*!
Using a rapid lifetime determination method
for multigate detection, fluorescence lifetime
images were obtained quickly.

TABLE 3
Cameras Used in Lifetime Imaging Systems

A functional description of the FLI system
using a gated MCP image intensifier is shown in
Figure 7. In the gated mode, the time-resolved
fluorescence image of the sample at t, is obtained
by applying a sampling gate pulse (duration AT)
to the photocathode of the intensifier at time t;
following sample excitation. Several sampling
time positions can be selected during the fluores-
cence decay (i.e., multigate detection). Using rapid
lifetime computational procedures for multigate
detection, fluorescence lifetime imaging can be
derived. Various methods for analysis of fluores-
cence decay data have been proposed. For 2-D
measurements, however, using conventional meth-
ods, extracting parameters A and T from an enor-
mous number of data points is tedious. For a
single exponential decay of the fluorescence sig-
nal excited by a short-duration pulsed light source
described in Equation 1, fluorescence decay can
be detected at two different delay times, t, and t,,

Model

High-speed gated
image intensifier,
Model c2925
Single-stage MCP

Proximity focused
channel intensifier
tubes, F4111 Series
single-stage MCP

Image intensifier
Modet ICCD-576
single-stage MCP
Gatable ICCD

Ultra high-speed
ICCD cameras

Characteristics

Wavelength: 180-840 nm

Rep Rate: 10 KHz

Gating: 3 ns—100 ns (continuously
variable)

Rise and fall time: 2 and 3 ns
Gating jitter: 200 ps max.
Cathode sensitivity: 150 pA/lumen
Quantum efficiency: 13%

Wavelength: 450-550 nm

Rep Rate: 10 KHz (Avetech Electronics)
Gating: 2 ns—10 ms

Rise and fall time: 2 to 10 ns

Cathode sensitivity: 225 pA/lumen
Resolution range: 22—26 line pairs/mm

Wavelength: 120-920 nm
Rep Rate: 5 KHz

Gating: 6 ns to few ms
Wavelength: 180-840 nm
Rep rate: 5 KHz

Gating: 5 ns to few ms

Wavelength: 130-920 nm

Gating: 5 ns to DC

Sensitivity: 1 count/3 photoelectrons/
pixel at 50-ns gate width

Cooled option available

(modulation range up to 600 MHz)

Company

Hamamatsu Corporation,
Bridgewater, NJ

Electro Optical Products
Division, ITT,
Fort Wayne, IN

Princeton Instruments, Inc.,
Trenton, NJ

Photometrics, Lid.,
Tucson, AZ

Stanford Computer Optics,
Palo Alto, CA
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'FIGURE 7.  Functional description of time-resolved fluores-
cence image detection using a gated image intensifier and
representation of rapid lifetime determination for a single expo-

nential decay.

with gate width AT. The gated fluorescence sig-
nals (D, and D,) can be described as:

t, +AT
D = ‘[‘1 A-exp(-t/T)dt 3)

t) +AT
D, = '[2 A-exp(—t/T)dt ey

The lifetime T and pre-exponential factor A can
be extracted as follows:

t, —t
1=—2_11

In(D, /D, )

D
A= :
T exp(—-t1 / 1:) [1-exp(~AT / 1)] 6)

The lifetime is dependent on the ratio of
D,/D, and the selection of t, and t, time points; it
is not dependent on the gated image intensifier
time resolution (2.5 ns). The ratio term of D,/D,,
which makes lifetime calculation independent of
fluorescent dye concentration, is an important
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feature for the applications such as cellular life-
time imaging. Use of this method also results in
extremely short calculation times. Fluorescence
lifetimes and pre-exponential factors can be cal-
culated directly from only four parameters (D,,
D,, t,, and t,) without fitting a large number of
data points as is required by conventional least-
squares methods.*”-6! With a gated intensifier for
multigate detection, both the observation time and
the calculation time can be reduced.

FLI system performance using a gated image
intensifier has been evaluated. Fluorescence life-
time imaging of a well-characterized single stan-
dard sample (1 ppm quinine sulfate in 0.1 M
H,S0,) was determined. A quartz cell was used
for these measurements. For the experiments, the
N, laser operated at 25 Hz; the integration time of
the CCD camera was | s. Therefore, 25 fluores-
cence images were integrated at the target of the
CCD camera. After sample excitation, two gated
fluorescence intensity images (128 x 128) of qui-
nine sulfate at gate time t; = 1 ns and t, = 5 ns
were detected as shown in Figure 8. The gate
width, AT, of the gated image intensifier was set
at 10 ns. Since only 1 s is required, this method is
considerably faster than previously reported meth-
ods. Atroom temperature, detection is rather noisy.
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FIGURE 8. Time-resolved multigate fluorescence image patterns
(128 x 128) of a standard sample (1 ppm quinine sulfate in 0.1
MH,SO,) att, = 1 nsand t, = 5 ns after pulsed light excitation.

Therefore, background noise of the intensifier and
the CCD camera also was measured to derive the
pure signal components. Fluorescence lifetime
imaging calculated from these images is shown in
Figure 9. Calculation time for this lifetime imag-
ing data was 4 s. The average lifetime of quinine
sulfate was calculated as 19.2 ns. This compares
favorably with accepted values (19.4 ns) with the
use of a pulse-sampling oscilloscopic technique.®2

C. Frequency-Domain FLI

1. FLI System Using an Image Dissector
Tube

In frequency-domain phase-modulation meth-
ods, high-frequency (MHz to GHz) sinusoidally
modulated radiation is used to excite the sample.
Following excitation, fluorescence lifetimes are
determined from phase shifts or amplitude de-
modulation factors. In recent years, phase-resolved
fluorescence spectroscopic methods for multicom-

ponent measurements have been established.?364
The frequency-domain methods, when combined
with high speed 2-D detectors, can measure tem-
poral, spatial, and wavelength-resolved informa-
tion simultaneously.

A 2-D image dissector tube (IDT) has been
used as a detector for frequency-domain FLI.40
The principal features of this device are (1)
nonstorage random scan operation, (2) fast re-
sponse, (3) low dark current, (4) wide dynamic
range, (5) linear input-output characteristics, and
(6) high spatial resolution. IDT operation is based
on the use of electron beam scanning. The opti-
cal image formed on the IDT photocathode pro-
duces a cloud of photoelectrons that is focused
by a coil onto a plate having a small central hole
(dissecting aperture). Only those electrons that
are aligned with the aperture pass through and
are multiplied at high gain, as in a PMT, to
produce an output current at the anode. A set of
X and Y deflection coils scans the entire elec-
tron cloud in a raster pattern so that photoelec-
trons that are aligned with the aperture come
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FIGURE 9. Fluorescence lifetime imaging of standard sample (1 ppm quinine sulfate in 0.1 M
H,SO,).

from sequentially different parts of the original
image at the faceplate.

When the sample under study is excited with
time-dependent sinusoidally modulated light E(t),

E(t) = Al1+M_ COS(wt)] @)

(where A is the DC intensity component of the
exciting light, ® = 2nf and f is the modulation
frequency, and M, is the ratio of the amplitude of
the AC intensity to the DC intensity component).
The resulting wavelength-dependent fluorescence
F(A, 1), for a single component sample with expo-
nential decay, will have frequency f but will be
phase shifted by an angle F, which is unique to the
particular fluorescent species, that is,

F(A,t) = A"(M)[1+ M, COS(wt—-P)]  (8)

where A’(A) is the average fluorescence intensity.
The phase shift @ and the modulation factor M
are related to the fluorescence lifetime T by:

tand = wr )

M=M, /M, =1/[t+@o?]”  @10)

Phase-resolved measurements using heterodyne
detection® are accomplished by modulating the
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gain of the IDT with a sinusoidal reference signal
at the IDT blanking electrode whose frequency f,
is slightly different from f (Af smaller than f). The
gain of the IDT is:

G, =G,+G, COS(®,t) a1

Heterodyne detection multiplies the fluorescence
emission F(A, 7) by the gain of the IDT. The
output photocurrent 1 (t) of the IDT is given as:

(= AI(M{GU +%Mfc.l COS[(@ - ®,)t- @]+ G, COS(w,t)

+GM; COS(@x-®)+3M,G, COS(01-+0,t - ¢)}
(12)

When or = ®, Equation 12 can be simplified by
a DC component, Aw (= 21tAf ) term, and a high-
frequency term. The high-frequency terms are
electronically filtered out leaving the DC and A®
terms:

. L,
L) = A(W)G, + A(WMG, COS(Aat-@) (13)

The DC term A’(A)G, contains the fluorescence
intensity information. The AC term contains the
phase and modulation information that is neces-
sary to determine fluorescence lifetimes. Fluores-
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cence lifetimes are determined from the phase
shift @. A functional description of heterodyne
detection using IDT is shown in Figure 10. The
interrelationship between the aforementioned sig-
nals is shown for the measurement of one fluores-
cent data point. A reference signal Ir(t) of fre-
quency Af is used for phase shift @ detection.
When the fluorescence spectra of two com-
ponents are nearly identical, it may be difficult to
differentiate between them. In such cases, fluo-
rescence lifetime differences can be used to ac-
centuate differences in spatial distribution. The
fluorescence spectrum of two samples of acridine
orange and uranine are shown in Figure 11A. It
can be seen that their spectra are very similar, but
that their fluorescence lifetimes are quite differ-
ent. An FLI for these fluorescence samples is
shown in Figure 11B. The two samples are each
placed on a slide glass and are fixed in circular
shapes. Based on different fluorescence lifetimes,
the center is uranine (T = 6.9 ns), while the outside
is acridine orange (T = 4.9 ns).
Frequency-domain FLI also can be used for
enhancing image contrast. For example, by vary-
ing the phase of the reference signal ®,, can one
spatially separate the lifetimes of the two compo-
nents (Figure 12). There is acridine orange and
uranine in the sample. The fluorescence spectrum
of the two components is identical, as shown in
Figure 11. Using the phase-resolved method, the

output of the phase-resolved detection for the two
component samples is

I, =1,(M)cos(®, - ®,)+1, (A)cos(@,, -, )
(14)

where @, is the phase shift related to the lifetime
of acridine orange (a) and @, is the phase shift
related to the lifetime of uranine (b). Based on the
FLI system using an IDT, Figure 12A shows the
result for a two-component distribution measure-
ment where reference signal phase ®p, is not same
as 90° + ®@_or 90° + ®,. On the right is acridine
orange (a), the left is the uranine (b), and the
wavelength of the monochromatic filter was set at
550 nm. When the @, =90° + @, from Equation
14, it can be seen (B) that only the uranine (b)
fluorescence component was measured. In Figure
12C, when the @ = 90° + ®,, only acridine
orange (a) lifetime is measured. Using a frequency-
domain FLI system, one can spatially separate
based on lifetime measurements the components
of a mixed fluorophore population.

2. FLI System Using a Homo- or
Heterodyne Image Intensifier

Similar to an image dissector tube, the high-
speed intensifier gain can be modulated by an RF

FLUORESCENCE
DC AMP - N TENSTTY

DY1 DVY2 DYz

1
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DETECTOR [~ PHASE SHIFT

ELECTRODE

FIGURE 10. Functional description of heterodyne detection system in the image dissector tube.
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FIGURE 11. (A) Fluorescence spectra of acridine orange and uranine; (B) flugrescence lifetime imaging of these
two components with similar spectra. Center is uranine (t = 6.9 ns), while the outside is acridine orange (t = 4.9 ns).

signal applied between the photocathode and
microchannel plate (MCP) input surface. By com-
bining a CCD camera and image intensifier, high-
frequency gain-modulation of an image intensi-
fier at the same frequency as the light modula-
tion frequency (homodyne detection), or at some
harmonic of the laser repetition rate, can be used
to create lifetime images. An FLI system has
been developed by combining a homodyne im-
age intensifier and slow-scan CCD camera.%®
The light source was a mode-locked Antares
Nd:YAG laser, frequency doubled to 532 nm at
a 76.2-MHz repetition rate. The fundamental or
second harmonic of the pulse train, at 152.4
MHz, was used for lifetime measurements. The
image intensifier was used as a 2-D phase-sensi-
tive detector in which the signal intensity at each
position (r) depends on the phase angle differ-
ence between the emission and the gain modula-
tion of the detector. This results in a constant
intensity that is proportional to: (1) the con-
centration of the fluorophore (c) at location r
[C(N)]; (2) the cosine of the phase angle differ-
ence; (3) the extent of modulation of the detec-
tor; and (4) the modulation of the emission at
each location [m(r)],
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(@,,1)= kC(r){l +%mDm(r)cos{<D(r) - @D}]
(15)

In this expression, @, is the phase of the gain-
modulation and ®(r) is the phase angle of the
fluorescence. A value of ®, = 0 results in maxi-
mum intensity for a zero lifetime, that is, scat-
tered light. The homodyne measurements are per-
formed electro-optically on the high-frequency
modulated emission. The phase angle of the
fluorophore is related to the apparent phase life-
time T and the modulation frequency (® in radi-
ans/s) by

tan CD(r)=(o't¢(r) (16)

Using this method, it is not possible to calculate
the lifetime from a single phase-sensitive inten-
sity. However, by varying @, it is possible to
determine ®(r). After collecting a series of phase-
sensitive images, in which @, is varied over 360°,
the phase-sensitive intensities at each pixel are
used to determine the phase and modulation at
each pixel, resulting in the phase angle, modula-
tion, or lifetime images. The data sets for the FLI
are rather large, resulting in time-consuming data
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FIGURE 12. A two-component fluorescence pattern {A) of acridine orange (right) and uranine (left).
The two-component fluorescence distribution was separated by using a phase-resolved method. (B) The
distribution of uranine; (C) the distribution of acridine orange.

storage, retrieval, and processing. To allow for
more rapid image processing, an algorithm to
calculate the phase and modulation images needs
to be developed.

Table 4 compares different FLI system fea-
tures, It is necessary to consider detection sensi-
tivity, time resolution, lifetime image formation,
and lifetime imaging time to design an FLI sys-
tem.

IV. FLUORESCENCE LIFETIME IMAGING
MICROSCOPY

Most spectroscopic studies using fluores-
cence microscopy have centered around mea-
surements of fluorescence spectra, excitation
spectra, and polarization, all using continuous

wave (CW) illumination. Little attention has
been paid to time-resolved fluorescence mi-
croscopy in which the lifetime of fluorochromes
is sought. Fluorescence lifetime information,
with the additional spatial resolution that the
microscope provides, allows 2-D or 3-D infor-
mation relevant to dynamic cell component in-
teractions to be obtained. In addition, stray light
and background luminescence arising from the
samples or the optical system are easily dis-
criminated with the time-resolved method.”:¢7
However, most instrumentation used for fluo-
rescence lifetime measurements through a mi-
croscope use spot photometric detection. Be-
cause only a small portion of a cell (a “spot”)
can be examined at any one time, these instru-
ments do not provide high temporal or spatial
resolution lifetime images.
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TABLE 4

Comparison of Different FLI System Features

Sensitivity Time

{gain) resolution

Single photon

counting (SPC) 108 10 ps
Multichannel

photon counting 108 >0.2 ns
Gated image

intensifier 104 25ns
Image dissector 105 <0.1 ns
Heterodyne

image intensifier 104 <0.1 ns

A. Conventional FLIM

Conventional FLIM is based on the combina-
tion of time- and frequency-domain FLI with
conventional fluorescence microscopy. Using
pulsed or modulated Kohler excitation, time-re-
solved fluorescence emission images can be ob-
tained using high-speed image detectors (e.g.,
gated image intensifier, image dissector tube). An
FLIM using a gated image intensifier is shown in
Figure 13. The major components are (1) the
excitation source; (2) a fluorescence microscope;
(3) a time-resolved fluorescence imaging system
using a gated image intensifier; and (4) an image
processing unit. In this system, the excitation
source is a Ny-gas laser with a 500-ps, 337-nm
excitation pulse, operating at a 25-Hz repetition
rate. A conventional Olympus fluorescence mi-
croscope adapted for epi-illumination was used.
The laser beam was directed into the epi-illumi-
nation port through a series of optical compo-
nents (including a UV optical fiber and collima-
tors) so as to uniformly illuminate the entire area
of the 2-D samples. Fluorescence emission from
the sample is directed through an objective lens to
the photocathode of a gated image intensifier with
additional FLI components described previously.

A FLIM using the frequency-domain method
for lifetime imaging measurements of calcium in
living cells has been reported.!? The system was
based on the FLI systemn mentioned in Section
III.C. The FLIM has been installed on the side
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FIGURE 13. A time-resolved fluorescence micros-
copy system using a gated image intensifier.

port of a Nikon Diaphot fluorescence microscope.
The microscopic sample is illuminated with an
intensity-modulated light source, in this case pi-
cosecond pulses from a cavity-dumped dye laser,
which are intrinsically modulated at integer mul-
tiples of the pulse rate. The excitation source is
the frequency-doubled output of a Pyridine-1 dye
laser, which is synchronously pumped by a mode-
locked Nd:YAG laser and cavity-dumped at 3.81
MHz. The emission image is quantified using an
image intensifier and slow-scan cooled CCD cam-
era. The gain of the image intensifier is modulated
at 49.53 MHz using the output of a frequency
synthesizer. The output of the frequency synthe-
sizer is phase-locked to the pulsed excitation us-
ing the same 10-MHz master oscillator for the
frequency synthesizer, which also triggers the im-
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age intensifier and the Nd:YAG mode-locker. The
phase of the synthesizer output is varied using the
digital phase shift option of the frequency synthe-
sizer. Gain modulation of the image intensifier is at
an exact integer multiple of the pulse repetition rate
(i.e., homodyne detection), resulting in stationary
phase sensitive images on the phosphor of the
intensifier. Another FLIM has been reported using
frequency-domain FLI with a wide range of tem-
poral resolution available for measuring either de-
layed luminescence (milliseconds to seconds) or
fluorescence (subnanosecond to hundreds of nano-
seconds).%® Homodyne detection was carried out
on the intensifier cathode (for low-frequency
homodyne detection) and the high-frequency modu-
lation on the MCP. The system also can be oper-
ated in a heterodyne detection mode.

In conventional FLIM, it is desirable to use a
broad-band light source, which allows complete
tunability across the absorption bands of fluores-
cent species. This permits a wider choice of
fluorescent probes and efficient resolution of
overlapping spectral emissions by processing
images measured at a series of excitation
wavelengths. Various laser sources (shown in
Table 5) are available for conventional FLIM with
multi-line output, but offer only a limited selection

TABLE 5
Various Laser Sources for FLIM

Light sources

of wavelengths, especially in the UV range. N,
lasers are inexpensive, but are pulsed at low duty
cycle. Tunable dye lasers are available that can
cover a wide spectral range; harmonic generation
can give access to UV excitation. Unfortunately,
only very expensive systems have a sufficiently
high repetition rate.

For conventional FLIM, other problems that
need to be addressed include photobleaching,
detection sensitivity, and position-dependent re-
sponse of the image detector. In order to improve
detection sensitivity, a two-stage MCP image in-
tensifier can be used. The position-dependent re-
sponse of the image detector (which is caused by
the time delay for the voltage to pass across the
photocathode) can affect lifetime calculation, es-
pecially in frequency-domain FLI. It can be cor-
rected by measurement of uniform standard
samples and calibrating against these images.

B. Confocal FLIM

Confocal fluorescence microscopy offers
elimination of out-of-focus fluorescence, and ex-
cellent spatial and depth resolution allowing ac-
curate location of the distribution of fluorescent

YAG-pumped tunable dye laser system Coherent, Inc.,

Wavelength: 340 nm-IR
Pulse width: 1-3 ps
Repetition rate: 76 MHz

Argon-ion pumped tunable dye
laser system
Wavelength: UV-IR
Pulse width: 3—10 ps
Repetition rate: 82 MHz

Ti-sapphire laser

{(Argon-ion pumping source)
Wavelength: 680-1100 um
Pulse width: 25 ps
Repetition rate: 76-82 MHz

Excimer lasers
Pulse width: 4-90 ns
Wavelength: 157-700 nm
Repetition rate: 150—400 Hz

N, laser/pumped dye laser system

Palo Alto, CA
Quantronix, Smithtown, NY

Coherent, inc., Palo Alto, CA
Spectraphysics, Piscataway, NJ
Quantronix, Smithtown, NY

Coherent, Inc., Palo Alto, CA
Spectraphysics Lasers, Piscataway, NJ

Lambdaphysik, Acton, MA
Lumonics, Inc., Canada

Laser Science, Inc., Cambridge, MA
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species within unsectioned samples.®®> More im-
portantly, confocal microscopy can provide 3-D
information by optically sectioning the sample.”
Different types of confocal microscopy, such as
laser beam scanning, stage scanning, and tandem
scanning, exist and allow the user to analyze the
dynamic structural information of the specimen
in three dimensions.

A general confocal FLIM is shown in Figure
14. The confocal FLIM is a 3-D space- and time-
resolved fluorescence spectroscopy system based
on stage scanning confocal fluorescence micros-
copy and SPC detection.”! In the system, a pico-
second, wavelength tunable, and high repetition
rate pulsed laser system was used. 3-D lifetime
imaging was obtained by scanning an XYZ stage.
A confocal FLIM based on streak camera detec-
tion, stage scanning, and picosecond laser diode
excitation have been commercialized by
Hamamatsu Photonics Co. (tMAP-1).”2 Tempo-
ral resolution is better than 40 ps, and the excita-
tion light source ranges from visible wavelengths
(e.g., 400 nm using second harmonic techniques)
to the near infrared (e.g., 750 nm for photolumi-
nescence lifetime imaging). Since a streak cam-

Microchannel

era was used, time and wavelength information
could be simultaneously detected. In a recent
manuscript, an interesting fluorescence lifetime
measurement system using a novel fiber optic
laser scanning confocal microscopy was dis-
cussed.”> However, because these instruments
require stage scanning and SPC detection, they
suffer from the need for long measurement times.
In order to improve temporal resolution, a confo-
cal FLIM was designed using MPC technique,
which reduced the measurement time by a factor
of two to three compared with SPC. This instru-
ment was used to measure DNA information.*
Frequency-domain confocal FLIM has not
been reported yet. Frequency-domain fluorescence
microscopy without 2-D scanning could be con-
structed by combining a normal cuvette-based,
frequency-domain heterodyne lifetime instrument
with an epi-illumination microscope. It would be
straightforward to combine laser scanning confo-
cal microscopy and frequency-domain lifetime
detection to create confocal FLIM. The laser beam
can be modulated easily using an acousto-optic
modulator or Pockels cell. A photomultiplier can
be used for detection in which a pair of RF mixers

Single Photon

Plate PMT Counting Electronics
Monochro- - Multichannel
mator FD TAC Analyzer
= C
Pinholef
{ [J Photodiode

SHGM Cavity 11y o | aser

Dumper

CW Mode-locked Nd**;YLF Laser

Y~ [ v 1

3-D Scanning Stage

FIGURE 14. Schematic diagram of the three-dimensional space- and time-resolved fluo-
rescence spectroscopic system based on a confocal microscope.
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would be used to correlate the output current with
RF sinusoids in-phase and in-quadrature with the
excitation modulation. The lifetime image could
then be accumulated in the computer as the beam
scans the specimen. For this kind of confocal
FLIM, a laser scanning giving 512 x 512 pixels
may dwell at each point only for a few micro-
seconds if the typical total scan time of 1 or
2 s is required, so that the lifetime detection
in each pixel should be completed within a few
microseconds using modified hardware tech-
niques.

A two-photon excitation confocal FLIM has
been reported.”* Two-photon excitation arises
from the simultaneous nonlinear absorption of
two red photons. Currently, this instrument is
limited to providing UV excitation. Inasmuch as
the rate of two-photon excitation depends on the
square of the incident intensity, the resulting fluo-
rescence is limited to the focal volume where the
photon density of the focused laser illumination is
high. This localization also limits photobleaching
and any photodamage to the focal plane of the
image.”” Two-photon excitation provides depth
discrimination matching confocal microscopy
without requiring a confocal spatial filter; this
advantage allows major simplification of the ap-
paratus. These properties provide ideal conditions
for lifetime imaging in order to characterize the
submicroscopic environment of the fluorophore
molecules within the specimen.

Another commercially available confocal
scanning microscope, based on tandem scanning,
uses non-laser sources that provide the benefit of
excitation wavelength tunability. Tandem scan-
ners illuminate and scan the sample simultaneously
with many small spots of light. An advantage of
the tandem scanner is that if the signal is high, the
potential for real-time imaging exists. For fluo-
rescence lifetime imaging detection, modified
image-intensified detectors (e.g., gated image in-
tensifiers) are available. To implement nanosec-
ond time resolution for confocal FLIM with a
tandem scanner, a modulated light source (e.g.,
deuterium lamp) could be used. Because such a
modulated light source is typically two orders of
magnitude less intense than that of a mercury arc
lamp, the detector should be of high sensitivity
and coupled to an integrating camera.

Laser beam scanning, wherein a single bright
spot is scanned across the sample, has the consid-
erable advantage in that it can be easily and inex-
pensively converted to confocal FLIM operation.
This type of confocal FLIM is easily adapted to
give qualitative decay-time contrast. However, it
is not well suited to quantitative lifetime imaging
unless long acquisition times are acceptable. A
further difficulty with UV excitation in laser beam
scanning is the design of well-corrected optics for
UV work. Stage scanning, wherein the sample is
scanned across the stationary laser beam, is better
suited for quantitative measurements. In this type
of microscope, the light beam is on-axis and the
lens design is simplified, allowing easy use with
UV sources. However, because of the mechanical
stage scanning, the time required to obtain life-
time images would be long. Tandem scanning is
a good choice for confocal FLLIM where time
integration is permissible. However, for tandem
scanning, the excitation source is very inefficient,
reducing its sensitivity. A typical scanning disc
will be between 1 and 5% transmissive, and there
are further optical losses in the microscopic op-
tics. In real applications, the selection of confocal
FLIM should be based on sensitivity,
quantitativity, time resolution, and spatial resolu-
tion requirements.”®

V. APPLICATIONS

Applications of FLIM are based on following
advantages:

1.  The additional temporal (obtainable) infor-
mation provides the ability to couple multi-
parameter imaging of cellular structures with
spectral information.”” With steady-stage
fluorescence microscopy, the number of
spectral components that can be resolved is
limited by the absorption and emission spec-
tral overlap of each probe. The number of
analytical parameters can be increased by
FLIM even at the same wavelength,°

2. FLIM can avoid autofluorescence from liv-
ing cells by simply distinguishing lifetime
differences with increased contrast and sen-
sitivity of the image.
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3. Fluorescence lifetime probes are sensitive
to numerous chemical and environmental
factors such as pH, oxygen, and Ca?*. FLIM
can directly image the environmental and
structural environment immediately sur-
rounding the probe. In addition to providing
2-D maps of lipid order, (anisotropy),
FLIM can also provide data or rotational
and translational dynamics of cellular con-
stituents.”8

4. FLIM is an effective technique for quantify-
ing the interaction, binding, or association
of two types of molecules using fluores-
cence resonance energy transfer (FRET)
spectroscopy.!”79-81 Because FRET de-
creases in proportion to the inverse 6th power
of the distance between the donor and ac-
ceptor probe, this phenomenon is effective
when the donor and acceptor molecules are
within 10 to 100 A of each other. This method
has the distinctive features of superior spa-
tial and temporal resolution, high sensitiv-
ity, and applicability in complex systems.32-83
FRET imaging is particularly useful in ex-
amining temporal and spatial changes in the
distribution of fluorescent molecules in liv-
ing cells by monitoring donor lifetime imag-
ing.

The next section illustrates FLIM technology
with examples taken from this laboratory.

A. Calcium and Other Chemical Imaging

Fluorescence lifetime probes are equilibrium
“probes” that respond to calcium concentrations
independent of probe concentration and
photobleaching.3* It has been reported that changes
in the levels of calcium induce a dramatic change
in the lifetime of Quin-2 using phase-resolved
FLIM.® There also has been a report published
demonstrating that cellular calcium levels can be
imaged by phase-resolved FLIM in the COS cell
line.!2 While probe (Quin-2) concentration varied
dramatically throughout the COS cell, the life-
time of Quin-2 probe and hence, Ca** concentra-
tion was relatively constant. FLIM eliminates the
need for ratiometric measurements using UV
wavelength (Fura 2) Ca®*-sensitive probes. This
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is advantageous, as recently nonratiometric probes
for Ca?*, such as calcium green, crimson, and
orange, have been commercialized and could be
used. These nonratiometric probes are extremely
important for imaging the calcium concentration
in the cells using confocal laser scanning micros-
copy. This is due to the limited visible excitation
wavelengths available from most lasers used in
confocal microscopes. This group is currently
working on the measurement of growth factor-
induced oscillations of intracellular Ca%* using
laser-scanning confocal fluorescence micros-
copy.3¢ We have recently described the presence
of oscillations in nuclear-free Ca?* (Ca?* ), which
differ in frequency from cytoplasmic oscillations
in Ca?*; in the same cell. At present, the signifi-
cance or mechanisms that regulate hormone-in-
duced Ca?*-oscillatory activity are not clear. By
using a confocal type FLIM, it is possible to
quantitatively measure nuclear Ca**_and cyto-
plasmic Ca®*; in the same cell separately using
visible wavelength laser light excitation. Com-
bining FLIM with caged compounds (e.g., IP;,
cAMP, and DAG), it will be possible to deter-
mine the mechanisms that regulate these oscilla-
tions.

FLIM can be used to measure other types of
cellular ions. The fluorescence lifetime probe can
be dependent on pH, oxygen, intracellular metal
ion (e.g., Mg?*, Na*, K*), and a variety of other
substances. For example, the fluorescence life-
time of the electron carrier nicotinamide adenine
dinucleotide (NADH) increases after binding to
proteins, and one can image the free and protein-
bound NADH in cells.?” Moreover, the time reso-
lution of present calcium imaging systems is in-
sufficient to study fast changes (e.g., receptor
mediated) in living cellular calcium levels in real
time.38% Such changes are expected to be very
rapid and not assessable using currently available
instrumentation. Use of FLIM would enable ex-
amination of these transient calcium signal changes
on a nanosecond time scale in living cells.

B. Clinical Imaging

The availability of bioreagents, such as mono-
clonal antibodies and nucleic acid probes, for bio-
medical and clinical analytical purposes has
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opened up new possibilities for the localization of
proteins and nucleic acid sequences in tissues,
cells, and chromosomes. For instance,
fluorescently labeled antibodies and nucleic acid
probes allow quantitative measurements of mul-
tiple disease markers in individual cells of patient
specimens. DNA-binding fluorophores also are
widely used for high-resolution banding in chro-
mosome analysis, and luminescent labels are in-
creasingly used for clinical immunoassays.®® With
the advent of genetic engineering and recombi-
nant DNA technology, fluorescently labeled DNA-
and RNA-hybridizing probes are becoming im-
portant tools for ultra-low-level detection of spe-
cific nucleotide sequences in chemical specimens.
However, the use of these probes is associated
with specific problems when used with micro-
scopic detection. Sensitivity is limited by the
autofluorescence of cells, fixatives, and optical
lenses, and by light scatter in the microscope.
Autofluorescence typically has an intensity equiva-
lent to about 100 fluorescent molecules and a
lifetime <100 ns. The contrast between fluores-
cence signals and autofluorescence noise can be
significantly increased using phosphorescent and
time-delayed fluorescent probes, which have life-
times of microseconds and longer, allowing their
emission to be detected after autofluorescence
has decayed.

Several long lifetime probes have been made
and are commercially available. The phosphor
yttriumoxisulfide activated with europium
(Y,0,S:Eu) emits maximally at 620 nm and has
a half-life of 700 us. This phosphor has strong
luminescence, displays minimal photobleaching,
and is not significantly influenced by pH or tem-
perature. The phosphors Zn,SiO,:MnAs and
ZnS:Ag emit in the green and blue, respectively,
thus permitting simultaneous multiparameter
measurements. The chelate 4,7-bis(chloro-
sulfophenyl)-1,10-phenanthroline-2,9-dicarboxy-
lic acid (BCPDA) complexes with lanthanide ions
(Eu, Tb, Dy, and Sm) and can be used to label
antibodies, biotin and streptavidin. Amplification
also is possible by multiple labeling. Using FLIM
and long lifetime probes, background is suppressed
by two orders of magnitude, providing exquisite
sensitivity. Time-resolved fluorescence imaging
of Eu chelate labels in both immunohistochemis-
try and in situ hybridization has been reported.’!

Fluorescent Eu chelates have been conjugated to
a variety of antibodies. These conjugates were
used for the localization of tumor-associated an-
tigen C242 in the malignant mucosa of human
colon, localization of type II collagen mRNA in
developing human cartilaginary growth plates, and
detection of HPV genotypes in squamous epithe-
lium of human cervix. Time-resolved phospho-
rescence and delayed fluorescence microscopic
imaging also were used in studies of the structure
of polytene chromosomes.** FLIM should allow
both the contrast and sensitivity in clinical imag-
ing to be dramatically increased.

C. Plasma Membrane Fluidity,
Transport, and Fusion

Many types of instrumentation have been used
to investigate the average dynamic properties of
cell plasma membranes including NMR, ESR,
fluorescence recovery after photobleaching
(FRAP), and fluorescence polarization spectros-
copy. However, in all these methods, the lateral or
translational diffusivities are averaged over many
cells, over the entire membrane area of an indi-
vidual cell, or averaged in the static time scale.
Measurement of time-dependent fluorescence
emission anisotropy/fluorescence lifetime of
plasma membrane protein or lipid probes can pro-
vide dynamic information about plasma mem-
brane fluidity, transport, and fusion. As there is
growing evidence that membrane structure, com-
position, and function is heterogeneous, FLIM
should provide a sensitive technique capable of
obtaining data relative to both the dynamics and
heterogeneous nature of membrane components
related to plasma membrane fluidity, transporta-
tion, and fusion.

A streak camera-based, time-resolved micro-
scope and its application to studies of membrane
fusion in single cells has been reported.”? Nano-
second lifetimes of fluorophores in plasma mem-
brane of single living cells were measured for the
observation of liposome fusion in situ and in vivo.
The information about fusion of endosomes in
single cells was obtained by monitoring the en-
ergy transfer signal. However, the measurements
with the streak camera instrument could only be
carried out at a single point in the plasma mem-
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brane. Digitized fluorescence polarization mi-
croscopy (DFPM) has been used to monitor lipid
order during hypoxic and anoxic injury in this
laboratory.”® However, this approach provides
only static anisotropy measurements of lipid
order. FLIM will allow us to monitor the time-
dependent emission anisotropy of fluorescent
fatty acids or phospholipid probes in hepato-
cytes during anoxic and hypoxic injury as a func-
tion of pH, and pH_ to test the hypothesis that the
activation of a pH-dependent phospholipase A,
may lead to altered lipid order and eventual
weakness of the plasma membrane permeability
barrier.

D. PDGF Receptor Activation

Platelet-derived growth factor (PDGF) is rec-
ognized as a major mitogen in serum for
mesenchymally derived cells.’* Recent findings
indicate that PDGF exists as three isoforms (AA,
BB, and AB), which bind to at least two distinct
cell surface receptors (ot and f). A currently un-
resolved but critical question is whether dimer-
ization of PDGF receptors is required for biologi-
cal activity. Other experiments have not yielded a
definitive answer to this question. A more recent
approach to determining if dimerization is re-
quired for PDGF activity would be to label the o
and P PDGF receptors with distinct fluorescent
markers and use FLIM with the FRET method.
This approach could be used to follow o and B
receptor movement and interactions in real time
at the level of a single intact living cell. Such
studies could test the hypothesis that PDGF re-
ceptor dimerization is required to elicit genera-
tion of second messengers (in particular, alter-
ations in cytosolic free Ca?*)). FRET, combined
with FLIM, can provide measurements of the dis-
tance between o and f receptors following PDGF
isoform binding and the relationship of changes
in separation distance or state of aggregation to
increases in Ca”*,. The studies on the PDGF re-
ceptor interaction using FLIM should provide a
more definitive and complete picture of the struc-
tural changes and intermolecular associations that
occur when PDGF isoforms bind to these recep-
tors. The same methods also can be used for
understanding other types of signal transduction
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processes such as the signal transduction in G
protein-receptor coupling; EGF (epidermal growth
factor), and its receptor interactions; and recep-
tor-receptor interactions.’

There are many other potential applications
for the FLIM using the FRET principle.®8 It
should be possible to image and quantify the fol-
lowing: cyclic AMP in single cells,’” nucleic acid
hybridization in living cells,/® DNA and RNA
conformation changes,'%! activities of HIV pro-
tease enzyme,'% nucleotide binding properties,!%
and kinetics of association between CD4 or CD8
proteins and other proteins, which play important
roles in immunological T-cell activation,!%

VI. CONCLUSIONS

Research on FLIM is in its infancy. Accord-
ingly, the development of FLIM instrumentation
remains an important issue for establishing FLIM
methodology and applications. Our assessment
follows:

In general, the photon counting mode FLIM
exhibits high sensitivity, high temporal resolu-
tion, and low photobleaching. Inasmuch as a laser
system is not necessary for this instrumentation,
less expensive FLIM is possible. The SPC system
is well established in both hardware and software.
The MPC design has not yet gained in popularity,
although it may have improved data collection
efficiency and shorter measurement times for each
point. However, photon counting mode FLIM
based on MPC and SPC suffers the problem of
long measurement time for practical applications.
Photon counting using a PMT is suitable for single
point or several points lifetime measurement, but
not for lifetime imaging. FLIM based on a 2-D
photon counting tube may change this prospect in
the future. However, this type of device would be
very expensive and would still require long mea-
surement times.

Frequency-domain fluorescence spectroscopy
is well established in terms of instrumentation
and data analysis. Frequency-domain FLIM ex-
hibits high lifetime resolution and is capable of
multicomponent lifetime imaging; its major dis-
advantage is that data collection times are too
long for observing dynamic cellular events. FLIM
using either homodyne or heterodyne detection
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with gated image intensifiers also is limited by
photobleaching and position-dependent response
(caused by the electronic shift within the photo-
cathode). If a heterodyne output is obtained by
using a mechanical chopper or by double modu-
lation of the image intensifier, the time-depen-
dent output of the intensifier contains the effects
of nonlinear modulation and/or saturation. Use
of a chopper also has the serious disadvantage of
discarding about 95% of the light due to selec-
tive observation of a small time window (phase)
of a low-frequency signal. Using an image dis-
sector tube, it is possible to construct an FLIM
based on heterodyne detection. However, for
many reasons, the image dissector tube has be-
come a less popular device in recent times.
Moreover, signal integration is not possible us-
ing image dissector tubes thus limiting detection
of low-level signals. Frequency-domain detec-
tion may be a good choice for a confocal FLIM.
By combining established hardware for single-
point, frequency-domain lifetime detection and
confocal microscope, it may be possible to cre-
ate a real time confocal FLIM.

Time domain FLIM using a gated image in-
tensifier exhibits fast lifetime imaging (single
exponential component), “real time” time-resolved
images, and low photobleaching. By coupling two
or more stages of MCPs, remarkable sensitivity
can be achieved. The minimal gate width for gen-
eral commercialized gated image intensifiers is
about 3 ns. However, this minimal gate width is
not synonymous with the minimal lifetime reso-
lution. The shortest lifetime that can be measured
using FLIM is dependent on the SNR of the sys-
tem. In time-resolved fluorimetry, lifetimes com-
parable to 10% FWHM of the system response
function can be measured. If the SNR is large
enough, subnanosecond (= 0.5 ns) lifetime imag-
ing is possible. The capability of real time time-
resolved images is useful for the measurement of
nonexponential fluorescence decay phenomena.
By coupling two or three gated image intensifiers
to two or three emission ports of the microscope,
it is possible to obtain nanosecond-scale transient
time-resolved images. Using multigate sampling
time-resolved images with a picosecond order
pulse delay generator, it would be possible to
analyze multicomponent lifetime images. How-
ever, in the case of multicomponent samples,

image processing methods need to be developed
to extract individual lifetime imaging. Also, limi-
tations exist in the sampling gate width and gating
frequency (determined by the response time of
phosphor screen of the gated image intensifier)
for present gated image intensifier devices. With
the development of high-speed image device tech-
nology, it is likely that one could improve sam-
pling gate widths to subnanosecond levels and
pulse gating frequency (presently 10 kHz) to over
1 MHz. FLIM based on the gated image intensi-
fier will become popular in response to the afore-
mentioned improvements.

Based on the above comparisons, we con-
clude that each FLIM approach has its advantage
and disadvantages, and the approach chosen will
be dictated by the applications. For our purpose,
we are working on a hybrid type of FLIM. In this
system, a two-stage MCP gated image intensifier
is used for conventional FLIM. In order to im-
prove temporal and spatial resolution, an SPC
detection system is used for the confocal FLIM to
detect desirable micrometer-size spot detail infor-
mation and performing multicomponent analysis.
Valuable insights can be gained by conventional
FLIM and single-point lifetime detection on the
same sample. We predict that this combination
will produce optimum function for many applica-
tions.

“More powerful, less expensive, easier to
operate” FLIM apparatus are the goals for future
research. Future investigations on FLIM should
be centered on developing instrumentation and
software. With the development of laser diode
technology, it would be possible to manufacture
inexpensive FLIM based on laser diode excita-
tion. Confocal FLIM could be developed for 3-D
lifetime imaging. Coupling a fluorescence life-
time imaging system to a near-field optical micro-
scope would produce a new version of micros-
copy allowing visualization of molecular infor-
mation beyond the diffraction limit. Moreover,
progress in biofechnology is another important
aspect for the development of new chemical and
immunological fluorescent probes for FLIM. We
expect that FLIM technology will play an impor-
tant role for the future of bioscience research and
that as these instruments become available com-
mercially, numerous applications will be forth-
coming.
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