Fluorescence microscopy is one of the most widely used
tools in the biological sciences. There has been a rapid
growth in the use of microscopy due to advances in several
technologies, including probe chemistry, confocal optics,
multiphoton excitation, detectors, computers, and geneti-
cally expressed fluorophores such as GFP. Perhaps the most
limiting aspect of fluorescence microscopy is knowledge of
the local probe concentrations within the cell. These con-
centrations are usually variable based on the affinity of the
fluorophore for various biomolecules within the cell. For
example, probes such as DAPI and Hoechst have affinity
for nucleic acids and are primarily nuclear stains. Probes
such as rhodamine 123 have affinity for mitochondria. The
known affinities of probes for specific biomolecules is a
basic tool of optical microscopy, histology, and fluores-
cence microscopy. However, in general, the concentrations
of the probes in each region of the cell are not known.

In the 1980s the use of fluorescence microscopy ex-
panded from staining biomolecules within cells to studies
of the intracellular concentrations of ions and to detection
of association of reactions within the cells. This emphasis
on intracellular physiology required different types of fluo-
rophores, ones which changed their spectral properties in
response to the ion or in response to the binding reaction of
interest. The best-known examples of such probes are the
wavelength-ratiometric probes for cell calcium (Chapter
19). Wavelength-ratiometric probes were needed because
the local concentrations of fluorophores within cells are not
known. These concentrations are unknown because the
probes diffuse rapidly, undergo photobleaching, and can be
washed out of the cells. Also, the quantum yields of probes
can change due to the local environment. Even if the local
intensity of a fluorophore is measured it is difficult to use
the intensity to determine the local concentration. Without
knowledge of the probe concentration it is not possible to
make quantitative use of intensity measurements within the
cells.

Fluorescence-

Lifetime Imaging

Microscopy

Wavelength-ratiometric probes provide a way to make
measurements that are independent of the local probe con-
centrations. Suppose the emission spectrum of a fluo-
rophore changes in response to calcium. The ratio of the
emission intensities at two wavelengths will depend on the
calcium concentration, but the ratio will be independent of
the probe concentration. This ratiometric measurement
allows quantitative information to be obtained from the
images without precise knowledge of the probe concentra-
tions in each region of the cell.

Fluorescence-lifetime imaging microscopy (FLIM)
provides measurements that are independent of probe con-
centration. The intensity of a fluorophore depends on its
concentration. However, the lifetime of a fluorophore is
mostly independent of its concentration. Suppose the life-
time of a probe changes in response to pH, calcium, or
some other analyte. If the lifetime is measured this value
can be used to determine the analyte concentration, and the
determination will be independent of the probe concentra-
tion.

The concept of fluorescence-lifetime imaging is illus-
trated in Figure 22.1. Suppose that the cell has two regions,
each with an equal steady-state fluorescence intensity.
Assume further that the lifetime of the probe in the central
region of the cell (1,) is several-fold longer than that in the
outer region (t,). The longer lifetime in the central region
could be due to the presence of an ionic species such as cal-
cium, binding of the probe to a macromolecule, or other
environmental factors. The quantum yields of the probe in
the central and outer regions could be the same or different
due to interactions of the probe with biomolecules. The
concentrations of the probe could be different due to partial
exclusion of the probe from some region of the cell. The
intensity image will not reveal the different environments in
regions 1 and 2 (lower left). However, if the lifetimes were
measured in regions 1 and 2 then the distinct environments
would be detected. FLIM allows image contrast to be based
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Figure 22.1. Intuitive presentation of the concept of fluorescence-
lifetime imaging (FLIM). The object is assumed to have two
regions that display the same fluorescence intensity but different
decay times, 1, > T,.

on the lifetimes in each region of the cell, which can be pre-
sented on a color scale or as a 3D surface in which the
height represents the local decay times.

The concept of FLIM is an optical analogue of magnet-
ic resonance imaging (MRI). In MRI the proton relaxation
times at each location in the patient are measured. The
numerical value of the relaxation time is used to determine
the contrast in the calculated image. The MRI images are
presented as grayscale images because they are familiar to
radiologists. The local chemical composition of the tissue
determines the proton relaxation times. MIR image contrast
is not based on signal intensity or proton concentration. The
contrast in FLIM is determined by similar principles. The
local environment determines the fluorescent lifetime,
which is then used to calculate an image that is independent
of probe concentration.

It is more difficult to measure lifetimes than intensities.
So what is the value of FLIM? The advantages of lifetime
imaging frequently justify the effort. There are a relatively
small number of wavelength-ratiometric probes useful for
intracellular use. Most of the available wavelength-ratio-
metric probes are for the divalent ions calcium and magne-
sium. There are fewer wavelength-ratiometric probes for
the monovalent ions sodium and potassium, and these
probes are more difficult to use. The wavelength-ratiomet-
ric probes for sodium absorb in the UV and display only
small spectral changes. There are a larger number of probes
that display changes in lifetime in response to ions or the
environment, without displaying spectra shifts. For exam-
ple, there are several long-wavelength probes for sodium
that change intensity but not wavelength (Chapter 19).
Probes for chloride are based on collisional quenching,
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which decreases the lifetimes but does not cause a spectral
shift. In general, there are more lifetime probes for ions
than there are wavelength-ratiometric probes.

Another advantage of lifetime imaging is that intracel-
lular measurements of FRET using the donor lifetimes can
be more reliable than intensity measurements of the donor
and/or acceptor. Suppose the cell contains two proteins that
associate with each other in response to a stimulus, and that
the proteins are labeled each with a donor or acceptor. In
principle the extent of association can be determined from
the decrease in donor intensity. However, since the local
donor concentration is not known the extent of quenching
cannot be determined from the donor intensity alone. The
intensity of the donor in the absence of acceptor must also
be known. Such control measurements are difficult to per-
form when using cells. Why not use the donor-to-acceptor
intensity ratio? This ratio is difficult to use because the local
acceptor concentration is also unknown and the donor and
acceptor labeled proteins may not be present at equal con-
centrations within the cell. The intensity ratio can be differ-
ent due to different donor and acceptor concentrations as
well as differences in the RET efficiency. Determination of
the extent of binding is more straightforward using the
donor lifetime. The donor lifetime will be decreased by
FRET to a bound acceptor. The donor lifetime will not be
affected by an acceptor-labeled protein that is not bound to
the donor-labeled protein. If the donor intensity is well
above the background intensity the donor lifetime will be
independent of its concentration.

Creation of a lifetime image with reasonable spatial
resolution requires measurement of 256 x 256 or more indi-
vidual lifetime measurements, or even more lifetimes if
higher spatial resolution is required. Additionally, the life-
times have to be measured using a microscope. There are
two general approaches to FLIM. The FLIM images can be
measured using scanning methods when the lifetime is
measured at discrete locations. Lifetime images can also be
measured by wide-field methods even in solution when a
time-resolved imaging detector is used. Because of the dif-
ficulty of measuring a single lifetime the concept of lifetime
imaging seemed impractical with the technology available
in the 1980s and early 1990s. Even if such measurements
could be performed, the data acquisition times would be
excessively long, precluding studies of live cells. At present
the situation is completely different. Because of advances in
technology FLIM studies of cells are now practical, and are
becoming almost routine. FLIM can be performed using
time-domain or frequency-domain methods, and by variants
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of these methods, and the use of FLIM is increasing in the
biosciences.

22.1. EARLY METHODS FOR FLUORESCENCE-
LIFETIME IMAGING

In Chapter 4 we mentioned that the first lifetimes were
measured by the phase method. Similarly, the first lifetime
images were obtained using a phase method. In the late
1980s it was not practical to create a lifetime image using
pixel scanning, and a wide-field method was needed. CCD
cameras were available for wide-field steady-state imaging.
However, CCDs are slow accumulating detectors which do
not provide an opportunity for the nanosecond time resolu-
tion needed for FLIM. This problem was solved by using a
gain-modulated image intensifier as an optical phase-sensi-
tive detector.!~*

In Section 5.12 we described phase-sensitive detection.
The phase angle of the detector is set at a known value rel-
ative to the phase of the incident light and the phase-sensi-
tive intensity is measured. The phase-sensitive intensity is a
steady-state signal that is proportional to cos(6 — 0,) where
0, is the phase angle of the detector and 6 is the phase angle
of the emission. If the phase-sensitive intensity is measured
using several detector phase angles then the phase angle or
lifetime of the emission can be determined. Phase-sensitive
detection can be used to measure lifetime images using an
image intensifier instead of a PMT (Figure 22.2). In this fig-
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Figure 22.2. Schematic diagram of an FLIM experiment. The "object"
consists of a row of four cuvettes each with a different fluorophore or
a calcium-sensitive fluorophore with different calcium concentrations.
The lifetime of the four samples are different. These cuvettes are illu-
minated with intensity-modulated light. The emission is detected with
a phase-sensitive image intensifier, which is imaged onto a CCD cam-
era. The light source is a pulsed laser.
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ure the sample consists of four cuvettes, each containing a
fluorophore with a different lifetime or a calcium-sensitive
fluorophore. These cuvettes are illuminated with the same
laser beam. The phase and modulation of the emission from
each cuvette is different due to the different decay times.

Lifetime imaging was accomplished by measuring the
images using a frequency-modulated image intensifier. The
gain or voltage across the intensifier is modulated at the
same frequency as the frequency of the modulated excita-
tion, and the signals are phase locked so there is no drift
between them. This measurement results in a constant
image where the intensity at each location in the image is
proportional to cos(8(r) — 6,) where 0(r) is the phase angle
of the emission at position r. The image intensifier contains
a phosphor screen where the brightness is proportional to
the intensity, and the intensity is recorded with a CCD cam-
era. The result is a steady signal from each cuvette, which
is the phase-sensitive intensity. This configuration results in
an optical phase-sensitive detector operating at the same
frequency as the light modulation. This approach is analo-
gous to using a PMT as a high-frequency phase-sensitive
detection.

Measurement of a single phase-sensitive intensity is
not adequate to determine the lifetime. The phase angle and
modulation of the emission can be determined by collection
of a series of phase-sensitive images using different detec-
tor phase angles. At any position in the sample the phase-
sensitive intensity is given by

1(0p,r) = kC(r) (1 + %mDm(r) cos{O(r) — GD}) (22.1)

In this expression my, is the modulation of the detector, m(r)
is the modulation of the emission at position r, k is a con-
stant, and C(r) is the concentration or steady-state intensity
of the fluorophore at position r. The detector is in phase
with a zero lifetime when the detector angle 0, = 0.

Measurement of lifetimes from the phase-sensitive
intensities is illustrated in Figure 22.3. The cell is illuminat-
ed with light modulated at 80 MHz. The phase angle and
modulation of the emission is different in these two regions
because of the different lifetimes. The phase-sensitive
intensities and modulations are different in each region of
the cell due to the different lifetimes. The phase angles and
modulations in each region are determined by fitting the
phase-sensitive intensities to a cosine function. The phase
angle or modulation image is then used to calculate the life-
time image.
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Figure 22.3. Schematic of lifetime imaging using phase-sensitive
images.

22.1.1. FLIM Using Known Fluorophores

The actual use of phase-sensitive images to measure life-
time images is shown in Figure 22.4. The excitation is
passed through four cuvettes, each containing a fluorophore
with a different lifetime. DMSS has the shortest lifetime,
smallest phase angle, and highest modulation. 9-Cyanoan-
thracene has the longest lifetime, largest phase angle, and
smallest modulation. The phase-sensitive intensities at the
various detector phase angles can be fit to determine the
phase angle and modulation of the emission. Since the
phase-sensitive intensities were measured using an imaging
detector, the data can be used to create an image when the
contrast or color is based on phase angle, modulation or
apparent lifetime.

22.2. LIFETIME IMAGING OF CALCIUM
USING QUIN-2

22.2.1. Determination of Calcium Concentration
from Lifetime

Lifetime imaging depends on the use of a probe that
changes lifetime in response to a change in conditions.
Imaging of calcium concentrations requires a probe that
displays calcium-dependent lifetimes. Figure 22.5 shows
non-imaging frequency-domain data for the calcium probe
Quin-2 with various concentrations of calcium.® The fre-
quency response shifts dramatically to lower frequencies at
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Figure 22.4. Phase-sensitive intensities of standard fluorophores at
various detector phase angles. The decay times from left to right
are 0.04 (0), 1.10 (A), 3.75 (@), and 9.90 ns (A). The modulation fre-
quency was 49.53 MHz. DMSS, 4-dimethylamino-m-methylsulfonyl-
trans-styrene; 9-CA, 9-cyanoanthracene; POPOP, p-bis[2-(5-phenyl-
oxazazolyl)]benzene. 0, is the arbitrary phase angle of the incident
light.

higher concentrations of calcium. At intermediate calcium
concentrations near 8 nM the decays are multi-exponential,
as can be seen from the shape of the frequency response.
The data were fit globally to two lifetimes: T, = 1.38 ns and
1, = 11.58 ns, with amplitudes that depend on the calcium
concentration.

The data in Figure 22.5 can be used to create a calibra-
tion curve for calcium (Figure 22.6). These curves can be
used to determine the concentration of calcium from the
phase or modulation of the emission. It is important to rec-
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Figure 22.5. Frequency-domain intensity decays for Quin-2 with
varying concentrations of calcium. The data were fit globally with two
lifetimes 7, = 1.38 ns and t, = 11.58 ns.
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Figure 22.6. Dependence of the phase angle and modulation of Quin-
2 on the calcium concentration. Revised from [7].

ognize that the calcium concentrations can be determined
using measurements at a single modulation frequency with-
out resolution of the multi-exponential decay. This is
because there is always a single phase angle and modula-
tion of the emission irrespective of the complexity of the
decay. Of course, a different calibration curve would be
obtained using different modulation frequencies.

22.2.2. Lifetime Images of Cos Cells

Once a calibration curve is known the phase and modula-
tion values can be used to determine calcium concentrations
in cells. Fluorescence intensity images for Quin-2 in three
Cos cells are shown in Figure 22.7. The intensity of Quin-2
is highly variable in different regions of the cells (top). The
intensity images alone do not indicate if the intensity differ-
ences are due to differences in Quin-2 concentrations or to
different calcium concentrations. Phase-sensitive images
were obtained using the apparatus shown in Figure 22.2 and
the phase angles determined at each location in the image.
In contrast to the intensities the phase angles are more con-
stant throughout the cells (Figure 22.7, middle). The phase
angle image can be converted to a calcium concentration
image (bottom) using a calibration curve like that in Figure
22.6. The calcium concentration appears higher in the
periphery of the cells than near the center. The regions of
lower calcium concentration correspond to regions of lower
phase angles. The calcium concentration images are more
constant than are the intensity images. This result indicates
that most of the intensity variations seen in Figure 22.7 are
due to differences in Quin-2 concentrations rather than
locally different calcium concentrations. The use of FLIM
allowed the calcium concentrations to be determined with-
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Figure 22.7. Fluorescence imaging of Cos cells labeled with Quin-2.
Top, intensity. Middle, phase angle image at 45.53 MHz. Bottom, cal-
cium concentration image. The calibration curve used to calculate the
calcium concentration is different from Figure 22.6, and included a
photobleaching correction. Reprinted with permission from [7].
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out knowledge of the local probe concentrations within the
cell.

22.3. EXAMPLES OF WIDE-FIELD FREQUENCY-
DOMAIN FLIM

Since the early use of FLIM for calcium imaging there has
been a dramatic increase in the use of FLIM.8-13 Several
methods can be used to create lifetime images, including
time-domain, frequency-domain, and gated methods. A
number of laboratories have constructed wide-field fre-
quency-domain FLIM instruments.!*19 Additional refer-
ences on FLIM methods and applications are listed in the
section entitled Additional Reading on Fluorescence-Life-
time Imaging Microscopy near the end of the chapter.

22.3.1. Resonance Energy-Transfer FLIM of
Protein Kinase C Activation

Wide-field frequency-domain FLIM can be used to study
the activation of intracellular proteins. One example is the
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use of FLIM to study protein phosphorylation in response
to stimuli.20-22 Figure 22.8 shows images of Cos7 cells that
expressed GFP-labeled protein kinase C (PKC). The inten-
sity images in the top panels show the locations of GFP-
labeled PKC. This protein is phosphorylated upon activa-
tion by the tumor-producing substance phorbol myristoyl
acetate (PMA). The cells were microinjected with Cy3.5-
labeled IgG that is specific for the phosphorylated epitope
of PKC. Binding of the labeled antibody to PKC is expect-
ed to reduce the lifetime of the GFP label by resonance
energy transfer to the acceptor Cy3.5.

The lower panels in Figure 22.8 show the lifetime
images of the three cells at various times. Initially the GFP
lifetimes are the same in all the cells and constant within the
cells. At later times the GFP lifetime in the central cell
decreases. All the cells were treated with PMA, and only
the central cell was injected with Cy3.5-labeled IgG specif-
ic for phosphorylated PKC. The lifetime of GFP-PKC in the
central cell decreases because of energy transfer to the Cy
3.5-labeled antibody. These images are not confocal so it is
difficult to know if phosphorylated PKC appears uniformly
throughout the cell or is localized near the membrane.

PMA (min)

t(ns) 3

Figure 22.8. Activation of lipid/calcium-dependent protein kinase C (PKC) in Cos7 cells. The top panels show the intensity images of GFP-tagged
PKC. All the cells were treated with phorbol myristoyl acetate (PMA). The lower panels show the GFP-lifetime images the central cell was injected
with Cy3.5-IgG specific for the phosphorylated epitope of PKC. Reprinted with permission from [22].
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The images in Figure 22.8 show an advantage of using
lifetime images as compared to intensity images. In princi-
ple RET from GFP to Cy3.5 could have been measured
using intensity ratios of GFP to Cy 3.5. However, the ratios
would not allow the extent of RET to be calculated without
knowledge of the local concentrations of unbound acceptor.
The donor lifetime is not affected by unbound acceptor and
thus reflects the extent of acceptor binding to GFP-PKC
and the extent of its phosphorylation. The donor-to-accep-
tor intensity ratio would be dependent on the concentration
of unbound acceptor.

22.3.2. Lifetime Imaging of Cells Containing
Two GFPs

GFP-labeled proteins are widely used in cellular imaging.
Because of the need to monitor more than a single intracel-
lular protein a number of GFP mutants have been developed
with different absorption and emission wavelengths. How-
ever, the wide absorption and emission spectra of the GFPs

1.8 (ns)

3.8 1.8 (ns) 3.8

Figure 22.9. Lifetime images of Vero cells expressing two GFPs. All
cells express YFPS (t = 3.4 ns) in the cytoplasm. The cells in the upper
right and lower left express GFP5 localized in the nucleus. The cell in
the lower right does not have YFPS in the nucleus so that only the
shorter lifetime GFP5 contributes to the signal. Reprinted with per-
mission from [23].

747

limit the number that can be observed in a single experi-
ment. One approach to distinguishing more GFPs is to use
lifetimes instead of or in addition to wavelength to identify
the GFP.23

The possibility of resolving multiple GFPs using life-
times is shown in Figure 22.9. These panels show Vero cells
that are expressing more than one type of GFP. All the cells
express YFP5 in the cytoplasm that displays a lifetime near
3.4 ns. The cells also express GFP5 that displays a lifetime
near 2.2 ns. In the upper left GFPS is located near the golgi.
In the other three cells GFPS5 is localized in the nucleus. The
presence and location of GFPS5 can be seen as a decrease in
lifetime in these regions of the cell. This effect is most obvi-
ous for the cell in case YFP5 was not present in the nucleus
(lower right), so that the emission is mostly due to GFP5,
which has a shorter lifetime. These results show how FLIM
can be used to resolved similar molecules in cells if the life-
times are different.

22.4. WIDE-FIELD FLIM USING A
GATED-IMAGE INTENSIFIER

Another approach to lifetime imaging is analogous to the
pulse sampling method described in Section 4.8.1. Instead
of sinusoidally modulating the gain of the image intensifi-
er, the intensifier is gated on for short periods of time (Fig-
ure 22.10). The intensity images collected at various time
delays are used to calculate the lifetime at each pixel.2435
The time intervals can be non-overlapping, as shown in Fig-
ure 22.10, or overlapping to provide a larger signal in each
image. Gated-image intensifiers are commercially available

Intensity
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Figure 22.10. Schematic of FLIM using a gated-image intensifier.
Reprinted with permission from [35].
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Figure 22.11. FLIM of small containers of Coumarin-314 (t = 3.46
ns) and 2-(p-dimethylamino-styryl)-pyridylmethyl iodide (DASPI, t =
143 ps) in a 50:50 mixture of water and glycerol. Reprinted with per-
mission from [35].

and in the past several years have become fast enough for
nanosecond FLIM.36-38

The lifetime images obtained using a gated-image
intensifier can be relatively free of noise. Figure 22.11
shows lifetime images of small samples of Coumarin-314
(t = 3.46 ns) and of DASPI (t = 143 ps). The images clear-
ly distinguish the two lifetimes, and the lifetime is constant
in each solution. FLIM with a gated intensifier has also
been applied to cellular imaging. In this case the time win-
dows for gating were 2 ns wide and spaced 1 ns apart.?8 The
gated time intervals were overlapped in time. Figure 22.12
shows lifetime images of protein dimerization in mouse
pituitary cells. These cells expressed the transcription factor
EBPA224, which was fused with GFP. Two fusion proteins
of this transcription factor were expressed, one with CFP
and another with YFP, which served as a donor—acceptor
pair. The presence of dimers of EBPA224 is seen around the
periphery of the cell as a decreased lifetime for the donor.

22.5. LASER SCANNING TCSPC FLIM

An alternative to wide-field microscopy is laser scanning
microscopy (LSM). When using LSM the images are creat-
ed by sequentially measuring all the pixels in an image.?
This is accomplished by scanning a focused laser beam
across the sample and measuring the intensities at each
position. LSM is usually performed using confocal optics to
reject out-of-focus fluorescence. LSM is also performed
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Figure 22.12. FLIM of small containers of Coumarin-314 (t = 3.46
ns) and 2-(p-dimethylamino-styryl)-pyridylmethyl iodide (DASPI, t =
143 ps) in a 50:50 mixture of water and glycerol. Reprinted with per-
mission from [35].

using multiphoton excitation, in which case out-of-plane
fluorescence is not excited and the confocal pinholes are
not needed. LSM offers many opportunities for lifetime
imaging because of the well-developed technology for
time-resolved measurements using point detectors such as
PMTs and APDs.

Figure 22.13 shows a schematic for TCSPC when
using a laser scanning microscope. The basic idea is to per-
form the TCSPC measurements while the laser scans across
the sample. At each point in the image the instrument meas-
ures a decay curve. This is possible because the repetition
rate of the laser is usually high enough that many excitation
pulses arrive during the dwell time at each pixel. For exam-
ple, if the dwell time is 20 ps and the laser repetition rate is
80 MHz, then 1600 pulses arrive at each pixel while scan-
ning a single image. The data are then stored in a three-
dimensional matrix. The x- and y-axes indicate the position
in the sample (Figure 12.13). The third dimension repre-
sents the arrival times of the photons associated with each
pixel in the image.

The principle of TCSPC FLIM is straightforward but
its implementation is complex.*!-52 Specialized hardware
and software is needed to keep track of the time between the
laser pulses and detected photons, and the position of the
laser beam on the sample. Fortunately, these capabilities are



PRINCIPLES OF FLUORESCENCE SPECTROSCOPY

749

Zeiss
Time Measurement
s.h sl Timing ED
NDD MCP—] Start |
Port TAC||ADC
% Sto
IPEELT' Detector P Lcrp
| Ti:Sa Laser
Axiovert SLM-510 80 MHz 200 fs
i Sl.';?::cllng Frame Sync H;s;fn%mm
- ry
[ "g:::_"'g_?l“p‘ Line Sync | | Scanning
terf
Box ] Pixel Clock injerface

Counter X| X

Figure 22.13. Schematic for FLIM using TCSPC. Revised from [40].

available commercially and can be added to laser scanning
microscopes. TCSPC appears to have many advantages for
FLIM. Since individual photons are counted the measure-
ments provide high efficiency. TCSPC makes use of all the
photons reaching the detector. FLIM using a gated-image
intensifier only makes use of a small fraction of the photons
that arrive while the gate is open. Frequency-domain FLIM
uses more of the available photons than gating, but the duty
cycle is 50% or less. Using all the available photons is an
important feature in fluorescence microscopy because the
fluorophores are being photobleached during observation.
The total time to acquire a lifetime image depends on
the photon count rate and the desired accuracy in the decay
times. A single-exponential lifetime can be estimated with
10% accuracy with 185 photons.>! At a count rate of 10°

photons/s acquisition of 200 photons requires 0.2 ms and
data for a 128 x 128 lifetime image can be acquired in 3.3
s. It is easily possible to collect 200 photons with a dwell
time of 0.2 ms because there will be 16,000 excitation puls-
es. The time needed to acquire an FLIM image increases
dramatically if it is necessary to resolve a double exponen-
tial decay at each pixel. Resolution of a double-exponential
decay to an accuracy of 10% requires 10,000 to 100,000
photons.’! Hence the time to acquire the data can become
longer than practical with biological samples.

Presently available technology for TCSPC imaging
goes beyond that shown in Figure 22.14. Many laser scan-
ning microscopes have multiple detectors for emission at
different wavelengths. Multiple detectors are useful be-
cause cells are often labeled with more than one fluo-
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Figure 22.14. Schematic for multi-wavelength TCSPC lifetime imaging. Reprinted with permission from [49].
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Figure 22.15. Intensity (left) and lifetime image (right) of bovine
artery endothelial cells. The nuclei were stained with DAPI for DNA
(blue), F-actin was stained with Bodipy FL-phallacidin (red), and the
mitochondria were stained with MitoTracker Red CMX Ros (green).
Two-photon excitation of 800 nm. Courtesy of Dr. Axel Bergman,
Becker & Hickl GmbH.

rophores, some ion indicators are wavelength-ratiometric,
and donor and acceptor intensities can be measured simul-
taneously.

22.5.1. Lifetime Imaging of Cellular Biomolecules

FLIM can yield dramatic images showing the locations of
different biomolecules within cells. Figure 22.15 shows
intensity and lifetime images of bovine artery endothelial
cells stained with three fluorophores. Nucleic acids were
stained with DAPI, F-actin was stained with Bodipy FL-
phallacidin, and the mitochondria were stained with Mito-
Tracker Red CMX Ros. The intensity image shows regions
of the cell with different brightness but does not distinguish
between the three fluorophores. TCSPC measurements in
each region of the cell showed that DAPI decayed with a
lifetime of 1.1 ns, Bodipy-FL displayed a lifetime of 2.5 ns,
and MitoTracker CMX Ros displayed a lifetime of 1.8 ns.
These lifetimes were used to assign pseudocolors to each of
the fluorophores. The lifetime image clearly resolved the
locations of the probes based on their lifetimes.

FLUORESCENCE-LIFETIME IMAGING MICROSCOPY
22.5.2. Lifetime Images of Amyloid Plaques

Alzheimer's disease is associated with the accumulation of
plaques composed primarily of an amyloid peptide that
forms B-sheets. Formation of the plaques depends on the
presence of presenilin 1 (PS1), which contains part of the
enzymatic activity needed for plaque formation. Lifetime
imaging was used to determine the location of PS1 in Chi-
nese hamster ovary (CHO) cells that expressed this protein.
The cells were stained with fluorescein-labeled antibodies
that bound closely to PS1. The lifetime of these antibodies
was mostly constant throughout the cell (Figure 22.16). The
cells were then exposed to Cy3-labeled antibodies that also
bound closely to PS1 and serve as an acceptor for FITC.
The presence of the Cy3 acceptor resulted in a decrease in
the lifetime of the FITC donor.>3 The mean lifetime of FITC
changed from about 2.6 ns in the absence of acceptor to
about 1.6 ns in the presence of acceptor. These results show
that RET and laser scanning FLIM can be used to detect
local proximity of proteins within cells.

22.6. FREQUENCY-DOMAIN LASER SCANNING
MICROSCOPY

Laser scanning microscopy can also be used with frequen-
cy-domain measurements for lifetime imaging.>*57 The
instrumentation is similar to that shown in Figure 22.13
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Figure 22.16. TCSPC lifetime images of CHO cells that express pre-
senilin 1. The cell on the left was exposed to FITC-labeled antibody
that bound near PS1. The cell on the right contained both FITC and
Cy3-labeled antibodies near PS1. Revised from [53].
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except that the phase and modulation of the emission is
measured rather than using TCSPC. An example of such
measurements is lifetime imaging of the stratum corneum,
which is the outermost layer of the skin. The lifetime probe
was BCECF,>7 which displays a pH-dependent change in
lifetime. This change was used to obtain a calibration curve
of phase and modulation versus pH (Figure 22.17). The
stratum corneum was imaged using two-photon excitation
of BCECF at 820 nm. It was possible to obtain images at
various depths in the stratum corneum because the long
wavelength used for two-photon excitation can penetrate
tissues and two-photon excitation is intrinsically confocal
due to localized excitation at the focal point of the laser.
The images of BCECF at a depth of 6.8 microns in the stra-
tum corneum are shown in Figure 22.18. The intensity
image shows that BCECF is present in the cells and in the
interstitial spaces. The modulation is higher and the lifetime
is lower in the interstitial spaces. These data allow the pH to
be imaged within and around the keratinocytes. This result
shows the ability of FLIM to provide quantitative molecu-
lar imaging using minimal perturbation of tissues.

Modulation
uncorrected for n

pH
corrected for n

Figure 22.18. pH lifetime imaging of the skin stratum corneum at a depth of 6.8 microns using BCECE. See Figure 22.17. 1 is refractive index of the
surrounding environment. Reprinted with permission from [57]. Images courtesy of Dr. Kerry M. Hanson from the University of Illinois at Urbana-

Champaign.
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22.7. CONCLUSIONS

FLIM is a robust method for molecular imaging that can be
accomplished using several approaches, some of which are
listed in the section entitled Additional Reading on Fluores-
cence-Lifetime Imaging Microscopy near the end of this
chapter. FLIM can be used for imaging of ions, biomolecule
proximity, and conditions that result in a change in the life-
time of the fluorophore. The instrumentation of FLIM is
becoming simpler and less expensive, and can be created
using modest modifications of existing instruments. The
use of FLIM and the range of its applications is likely to
expand greatly with the near future.
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PROBLEMS

P22.1. Figures 22.15 and 22.19 show images of the same type
of cells stained with the same three fluorophores.
Explain the different colors of the images. Do the leg-
ends correctly identify each fluorophore?

Figure 22.19. Fluorescence intensity images of bovine pulmonary
artery endothelial cells stained with DAPI, Bodipy FL-phallacidin,
and MitoTracker Red CMXRos. Multi-exposure image obtained with
DAPI, fluorescein, and Texas Red filter sets. From [58].
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